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ABSTRACT 
 
Magdalena Alyssa Ellis: Evolution of active fault systems and their topographies 
(Under the direction of Kevin Stewart) 
 
Tectonically active landscapes impact society by affecting the distribution of mineral and 
geothermal resources, controlling basin development and groundwater resources, and posing 
significant risk via seismic and geomorphic hazards. Yet several questions remain in 
understanding the coevolution of landscapes and tectonics: (a) What is the connection between 
topography and tectonics? (b) To what degree does the landscape reflect tectonic forcing? And 
(c) How do faults evolve through time and how is it reflected on the landscape? In this 
dissertation I investigate the evolution of active fault systems and their topographies in three 
chapters. In Chapter 1 I compile tectonic, topographic, climatic, and lithologic information on 
>40 dip-slip faults around the globe to quantify the relative contribution of each in shaping fault-
driven topography. In Chapter 2 I use bedrock river profiles and hillslope analysis to examine the 
landscape response to the growth of crustal-scale normal faults in the Nevada Basin and Range. 
In Chapter 3 I use apatite (U-Th)/He thermochronometry to test the validity of contrasting fault-
growth models in the Nevada Basin and Range. Below I describe each chapter in more detail. 
It is difficult to fully demonstrate the link between tectonics and topography in mountain 
belts because they are complicated tectonomorphic systems. As a result, existing data sets are 
often relevant at very different scales, complicating comparisons of the processes involved that 
shape a mountain belt. A simplifying approach is to focus on active faulting and associated 
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emerging topography. In Chapter 1 I compile tectonic, topographic, climatic, and lithologic 
variables for 41 active dip-slip faults across the globe to investigate how these contributing 
variables are correlated. Motivated by research that uses established fault growth models to 
assess the landscape response to fault growth (Barnes et al., 2011; Densmore et al., 2007b), this 
research is the first comprehensive and global analysis of patterns of along-strike relief for dip-
slip faults. One of the main motivating factors in undertaking this research was to use a space-
for-time substitution to estimate the temporal scale of relief growth. If lateral fault propagation is 
a continuous process, and I measure the along-strike distance within which relief increases from 
zero at the tips, then it follows that using the rate of lateral propagation I can calculate the 
temporal scale of the relief limit. The assumptions inherent in this idea led to the research 
undertaken in Chapters 2 and 3. My results show surprising correlations and noncorrelations 
between topography and independent variables, leading to new ideas about the relative 
importance of tectonics, climate, and lithology in shaping fault-driven landscapes. 
In Chapter 2 I use footwall channel morphologies, hillslope analysis, landscape modeling, 
and existing low-temperature thermochronologic data to investigate normal fault slip histories of 
three footwall mountain ranges in the Nevada Basin and Range. Active mountain landscapes are 
a product of erosional processes driven by tectonics and modulated by climate. Channel incision 
sets the lower boundary condition for hillslopes and dictates the texture and relief of uplifting 
topography. Following a change in tectonics or climate, streams respond by adjusting their form. 
My results from the Pine Forest Range, the Jackson Mountains, and the Santa Rosa Range show 
that there is a suite of knickpoints in the channel profiles that segment the channels into upper 
reaches with low gradients and lower reaches with high gradients. I determine these knickpoints 
to be migratory, whereby they initiated at the range fronts as a response to a change in slip rate. I 
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then use channel reconstructions, watershed volume estimates, and a knickpoint celerity model to 
constrain the timing and rate of knickpoint initiation and migration. My results require incision 
and knickpoint migration that is much younger than the thermochronology is able to constrain, 
suggesting renewed slip starting ~5-3 Ma. A key finding in this research is that the heights of the 
observed migratory channel knickpoints reside in a relatively narrow range of elevations. 
Because knickpoint height is theoretically controlled by fault slip rate, such a pattern indicates 
that the rate of slip on the range-front faults does not vary along strike, as predicted by a 
conventional model for fault growth. This observation does not support the assumption in 
Chapter 1 that fault growth follows a conventional model, whereby fault slip is a continuous 
process since inception and the highest displacement rate is found in the fault center. In Chapter 
3 I address and test these conventional models of fault growth. 
In Chapter 3 I explore how apatite (U-Th)/He thermochronology (AHe) can be used to 
test conventional models of fault growth by application to two crustal-scale normal faults in the 
Nevada Basin and Range province. Faults are commonly thought to grow by simultaneously 
accumulating displacement and propagating laterally. There is a dearth of field observations 
actually documenting the lateral growth of faults, preventing testing of conventional fault growth 
models and thus full understanding of fault growth. Low-temperature thermochronology has 
never been used to quantify normal fault propagation, but has been successful in analyzing 
exhumation and fault slip within various tectonic settings. My results from the Pine Forest Range 
indicate that the studied faults did not grow by simultaneously accumulating displacement and 
lengthening, but rather that the fault reached its modern fault length within 3-4 m.y. of inception, 
~8-10 Ma. This key finding supports the constant fault-length model of fault growth (Walsh et 
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al., 2002) and suggests that the modern Basin and Range physiography was established by the 
late Miocene. 
The research presented in this dissertation is motivated by trying to understand (1) how 
faults grow and (2) how landscapes reflect fault slip. Integrating thorough geomorphic 
observations with thermochronologic data serves to develop a complete spatio-temporal history 
for fault evolution. The following chapters are presented as a series of manuscripts that stand 
alone for publication, but strive to address the same general motivating questions about fault-
driven landscapes. 
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PREFACE 
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Geosphere. Chapter 2 was published in the journal Lithosphere in January, 2015. Chapter 3 is in 
preparation for submittal to the journal GSA Bulletin in 2015. Individual abstracts for each 
chapter are in Appendix 1. 
  
xii 
 
 
TABLE OF CONTENTS 
 
LIST OF TABLES ....................................................................................................................... xvi 
LIST OF FIGURES .................................................................................................................... xvii 
CHAPTER 1: A GLOBAL PERSPECTIVE ON THE TOPOGRAPHIC RESPONSE TO 
FAULT GROWTH ......................................................................................................................... 1 
INTRODUCTION ..................................................................................................................... 1 
DATA AND METHODS ........................................................................................................... 4 
Ranges ................................................................................................................................... 4 
Tectonics .......................................................................................................................................... 5 
Topography ...................................................................................................................................... 6 
Climate and Lithology...................................................................................................................... 7 
Data Analysis ........................................................................................................................ 8 
RESULTS .................................................................................................................................. 8 
Tip Zone Length and Faulting Rate ...................................................................................... 9 
Precipitation and deformation rate ...................................................................................... 10 
Tip zone gradient ................................................................................................................. 10 
Relief and tectonic variables ............................................................................................... 11 
Rock strength ....................................................................................................................... 11 
DISCUSSION .......................................................................................................................... 12 
Climate and tectonics .......................................................................................................... 12 
Lithology and mountain relief ............................................................................................. 13 
Tip zone gradient and fault tip taper ................................................................................... 14 
xiii 
 
Tip zone length and tectonic rate ........................................................................................ 15 
Time for relief generation ................................................................................................... 17 
Predicting faulting rate from topography? .......................................................................... 19 
CONCLUSIONS ...................................................................................................................... 20 
REFERENCES ......................................................................................................................... 30 
CHAPTER 2: GEOMORPHIC EVIDENCE FOR ENHANCED PLIO-QUATERNARY 
FAULTING IN THE NORTHWESTERN BASIN AND RANGE ............................................. 42 
INTRODUCTION ................................................................................................................... 42 
Background: Tectonic Geomorphology .............................................................................. 44 
SETTING ................................................................................................................................. 46 
Study Area ........................................................................................................................... 46 
Apatite thermochronology ................................................................................................... 47 
Climate ................................................................................................................................ 48 
METHODS .............................................................................................................................. 49 
Field data ............................................................................................................................. 49 
Topographic analysis ........................................................................................................... 50 
Hillslopes ....................................................................................................................................... 50 
Channel profiles ............................................................................................................................. 50 
Knickpoint celerity (migration) model ................................................................................ 54 
RESULTS ................................................................................................................................ 55 
Field data ............................................................................................................................. 55 
Topographic analysis ........................................................................................................... 55 
Hillslopes ....................................................................................................................................... 55 
Knickpoints and steepness patterns ............................................................................................... 56 
Paleo-profile reconstructions, base level change, and incision volumes ...................................... 57 
Knickpoint migration model results ............................................................................................... 58 
xiv 
 
DISCUSSION .......................................................................................................................... 59 
Channel patterns caused by a change in fault slip ............................................................... 59 
Timing and magnitude of landscape adjustment ................................................................. 62 
What caused an increase in fault slip rate? ......................................................................... 65 
CONCLUSIONS ...................................................................................................................... 67 
REFERENCES ......................................................................................................................... 81 
CHAPTER 3: TESTING FAULT GROWTH MODELS WITH LOW-TEMPERATURE 
THERMOCHRONOLOGY IN THE NORTHWEST BASIN AND RANGE, U.S.A................. 97 
INTRODUCTION ................................................................................................................... 97 
FAULT GROWTH & THERMOCHRONOLGY ................................................................. 100 
Fault Growth Overview ..................................................................................................... 100 
Tip Propagation Model ...................................................................................................... 101 
Segment Linkage Model ................................................................................................... 101 
Constant Fault-Length Model ........................................................................................... 102 
Thermochronology ............................................................................................................ 103 
Evaluating Fault Growth with Thermochronology ........................................................... 105 
NORTHWEST NEVADA: GEOLOGIC SETTING ............................................................. 106 
Geology ............................................................................................................................. 106 
Cenozoic normal faulting .................................................................................................. 107 
METHODS ............................................................................................................................ 108 
RESULTS .............................................................................................................................. 109 
Overview ........................................................................................................................... 109 
Jackson Mountains ............................................................................................................ 110 
Single transect (D-D’).................................................................................................................. 110 
Pine Forest Range .................................................................................................................. 111 
Central transect (CT; B-B’) ......................................................................................................... 111 
xv 
 
Southern transect (ST; C-C’) ....................................................................................................... 112 
Northern transect (NT; A-A’) ....................................................................................................... 112 
Isolated range-front samples ....................................................................................................... 113 
DISCUSSION ........................................................................................................................ 114 
Quantifying northwestern Basin and Range fault growth ................................................. 114 
Narrowing the onset of rapid cooling ................................................................................ 115 
Pine Forest Range growth via constant fault-length model .............................................. 117 
Implications for 3D fault growth ....................................................................................... 119 
Influence of rock mechanical properties on D-L scaling .................................................. 121 
Implications for fault-driven topographic growth ............................................................. 122 
Guidance for future research ............................................................................................. 123 
CONCLUSIONS .................................................................................................................... 124 
REFERENCES ....................................................................................................................... 138 
APPENDIX 1: ABSTRACTS..................................................................................................... 148 
APPENDIX 2: CHAPTER 1 DATA REPOSITORY ................................................................. 154 
APPENDIX 3: CHAPTER 2 DATA REPOSITORY ................................................................. 155 
APPENDIX 4: CHAPTER 3 DATA REPOSITORY ................................................................. 162 
 
  
xvi 
 
LIST OF TABLES 
 
Table 1.1 Tectonic variables for each range and corresponding references. ................................ 27 
Table 1.2 Topographic, climatic, and lithologic variables for each range. ................................... 28 
Table 1.3 Pearson correlation matrix for all ranges. ..................................................................... 29 
Table 1.4 Pearson correlation matrix for Tier 1 ranges. ............................................................... 29 
Table 2.1 Data from channels with knickpoints ........................................................................... 79 
Table 2.2 Intact rock strength from Schmidt Hammer ................................................................. 80 
Table 3.1 Apatite thermochronology and estimated sample paleodepths ................................... 137 
 
  
xvii 
 
LIST OF FIGURES 
 
Figure 1.1 Schematic along-strike fault and topographic growth ................................................. 21 
Figure 1.2 Fault-driven ranges studied ......................................................................................... 22 
Figure 1.3 Range topography measurements ................................................................................ 23 
Figure 1.4 Plots for the highest correlations ................................................................................. 24 
Figure 1.5 Trends between lithologic strength and tip zone slope and uniform relief ................. 25 
Figure 1.6 Quantifying timescales to reach uniform relief in emergent ranges ............................ 26 
Figure 2.1 Western US Basin & Range Province ......................................................................... 69 
Figure 2.2 Thermochronology data from the study area ranges ................................................... 70 
Figure 2.3 Footwall range morphology ........................................................................................ 71 
Figure 2.4 Example channel profile and relict channel reconstruction out to fault plane ............ 72 
Figure 2.5 Conceptual model and volume-for-time substitution results ....................................... 73 
Figure 2.6 Study area rock strength proxy measurements ............................................................ 74 
Figure 2.7 Example catchment-scale hillslope geomorphology ................................................... 75 
Figure 2.8 Example map view of modeled vs. observed knickpoints .......................................... 76 
Figure 2.9 Knickpoint migration model results ............................................................................ 77 
Figure 2.10 Comparison of fault motion and knickpoint position ................................................ 78 
Figure 3.1 Basis for existing fault growth models ...................................................................... 126 
Figure 3.2 Schematic fault growth and thermochronology ........................................................ 127 
Figure 3.3 Schematic of footwall exhumation and thermochronology ....................................... 128 
Figure 3.4 Map of US Basin and Range province ...................................................................... 129 
Figure 3.5 Generalized geologic maps and sample locations of study area ............................... 130 
Figure 3.6 Geologic cross section of the Pine Forest Range ...................................................... 131 
Figure 3.7 Geologic cross section of the Jackson Mountains ..................................................... 132 
xviii 
 
Figure 3.8 Jackson Mountains AHe and AFT ............................................................................ 133 
Figure 3.9 Pine Forest Range cooling age vs. paleodepth plot ................................................... 134 
Figure 3.10 Constraining the onset of rapid exhumation ............................................................ 135 
Figure 3.11 Spatiotemporal growth of a segmented Pine Forest Range ..................................... 136 
1 
 
 
CHAPTER 1: A GLOBAL PERSPECTIVE ON THE TOPOGRAPHIC 
RESPONSE TO FAULT GROWTH
1 
INTRODUCTION 
Mountain belts possess diverse topographies that hold important clues about the tectonic 
and climate-driven erosion processes that shape them. Many studies of these landscapes have 
focused on the relative effects of relief or climate on erosion without explicitly considering 
tectonics (Ahnert, 1970; Pinet and Souriau, 1988; Montgomery and Brandon, 2002; Willenbring 
and von Blanckenburg, 2010). Other attempts have been made to relate worldwide mountain belt 
topography (orogen scale, 1000s of km) to quantitative measures of both tectonics and climate 
(Champagnac et al., 2012). At the orogen scale climatic and tectonic variables (mean annual 
precipitation, latitude, and shortening rates) can explain only limited variance (<50%), 
presumably because substantial complexities exist at this large scale (e.g. Champagnac et al., 
2012). Perhaps as a result, most research addressing the relative roles of tectonics and climate in 
shaping landscapes has maintained a more regional focus, considering single mountain belts and 
often neglecting lithologic variations (Dahlen and Suppe, 1988; Montgomery et al., 2001; Stolar 
et al., 2006; Carretier et al., 2013). However, even a single region often encompasses multiple 
structures that overprint each other in space and time (Mouslopoulou et al., 2009; Pavlis et al., 
2014). An alternative, more tractable approach to explore how topography and tectonics are 
linked is to focus on individual structures and their smaller, emergent landforms (10-100 km 
fault trace length) associated with the earliest phases of fault growth (e.g. Barnes et al., 2011). 
                                                 
1
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Across the globe, individual mountain ranges within a given tectonic setting tend to 
display similar morphologies to neighboring ranges, with equivalent widths, lengths, and relief 
(e.g. the U.S. Basin and Range Province; Ellis et al., 1999). These landscapes reflect feedbacks 
between tectonic processes that raise Earth’s surface and erosive processes that lower it (Schmidt 
and Montgomery, 1995; Montgomery and Brandon, 2002). For example, the tectonically driven 
uplift of mountain ranges increases relief, leading to enhanced erosion by concentration of 
erosional mechanisms like river incision and landsliding (Ahnert, 1970; Willett and Brandon, 
2002). Within a tectonic province, environmental factors controlling these feedbacks (e.g. 
isostasy, climate, lithology, tectonic topography, and crustal properties) tend to be the same, so it 
is not surprising that the ensuing morphologies are also similar. However, similarities that span 
across tectonic settings are more intriguing. For example, research continues to address the fact 
that topographic relief eventually reaches a limit within small, simple ranges as well as orogenic 
belts, regardless of the tectonic setting (Densmore et al., 2004; Densmore et al., 2007b; Stolar et 
al., 2007; Burbank and Anderson, 2012; Champagnac et al., 2012). This global-scale observation 
indicates that there may be more universal controls determining how deformation and 
topography are linked. 
Recent observations are demonstrating newly discovered links between fault growth and 
topographic growth. Step one is the recognition that faults grow in systematic ways. Faults tend 
to exhibit predictable relationships between their spatiotemporal variations in length, offset, and 
slip rate. For example, fault displacement scales linearly with length regardless of fault type 
(Cowie and Scholz, 1992a, b; Dawers et al., 1993; Schlische et al., 1996; Gupta and Scholz, 
2000). At the earliest stages of growth, faults grow laterally by tip propagation; when fault 
segments begin to interact with neighboring segments the stress field is altered and those in 
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favorable spatial arrangements will experience an increase in displacement rates. The result is an 
integrated displacement gradient that increases from zero at the fault tips to a central maximum 
(Fig. 1.1A; Dawers and Anders, 1995; Cowie, 1998; McLeod et al., 2000; Cowie and Roberts, 
2001; Roberts et al., 2004). Due to mechanical breakdown and decreased friction along a fault 
plane, slip rate follows a similar pattern with highest slip rates in the fault center and tapering to 
zero at the tips (Cowie, 1998; Cowie and Shipton, 1998). A few studies have exploited this 
simple fault-growth framework as a tectonic boundary condition to examine the topography of 
isolated, emergent mountain ranges associated with active fault systems (e.g. Densmore et al., 
2004; Densmore et al., 2007a; Barnes et al., 2011). They observed that (A) faulting and relief 
remain correlated within some distance from the tips (called the “tip zone”), but become 
disconnected towards the along-strike center (Fig. 1.1B) and (B) the temporal scale over which 
faulting and topography remain connected within the tip zone, and by proxy the timescale to 
reach topographic steady state, can be estimated by substituting space for time (Harbor, 1997; 
Densmore et al., 2004; 2007b; Barnes et al., 2011). 
In this paper I use a worldwide dataset of fault-driven mountain ranges to better quantify 
the relative contribution of tectonics, climate, and lithology in shaping the topography of 
mountain ranges. Considering my results within the established conceptual framework for fault 
growth leads to new ideas on the temporal scales of mountain relief growth. I note this 
contribution is the first comprehensive, global analysis of patterns of along-strike relief 
development for active dip-slip faults. In order to best exploit the existing conceptual models for 
fault growth as a boundary condition (Fig. 1.1A), I focus on active, isolated faults or fault 
systems (after Barnes et al., 2011) and use long-term (10
4-6
 yrs) tectonic rates to understand the 
landforms they produce rather than less representative short-term geodetic rates (Friedrich et al., 
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2003). I find significant correlations between topographic metrics and independent variables (i.e. 
tectonic rate, climate, and lithology), leading to new insights about the relative importance of 
each in shaping fault-driven landscapes. 
DATA AND METHODS 
Ranges 
I examined 41 mountain ranges evolving in response to active dip-slip faults from diverse 
tectonic and climatic settings across the globe (Fig. 1.2). I attempted to choose a representative 
population of mountain ranges from regions with different tectonic settings and rates, but my 
strict criteria made it impossible to include every tectonic region and limits the size of my dataset 
to n = 41. I built this database using the following range selection criteria: (1) long-term 
(geologic, >10
4
 yrs) fault slip rate estimates exist, (2) it has at least one unimpeded fault tip zone, 
and (3) the topography is not obviously inherited, thus it can be assumed to result from the 
observed active faulting alone (e.g. Densmore et al., 2004). The analyzed mountains have 
average fault trace lengths of 81 km (16 – 350 km) and are on average ~5x the length of the 
measured tip zone. I divided the chosen ranges into two tiers based on the quality of the available 
fault kinematic data. Tier 1 ranges (n = 22) have reliable long-term slip rate data (i.e. 
thermochronology with structural mapping and reconstructions), whereas Tier 2 (n = 19) consists 
of ranges for which ideal long-term fault slip data are unavailable (i.e. geomorphic analysis or 
less than ideal geochronologic sampling locations), the kinematics are more complex (i.e. 
oblique slip), or the morphology could be partially inherited. For each range, I compiled data 
including fault geometry and kinematics, topographic variables, climatic data, and lithology 
(Tables 1.1, 1.2). I also include all data and imagery in a Google Earth (.kmz) file for download 
as part of this chapter (Appendix 2). 
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Tectonics 
I compiled fault type, slip rate, vertical displacement rate, vertical displacement 
magnitude, and fault age for each mountain range with several considerations in mind to ensure 
database integrity. The first consideration is that published tectonic slip rates are difficult to 
compile and compare due to inconsistent nomenclature (e.g. slip, throw, uplift, etc.) and differing 
methods by which they were estimated (e.g. thermochronology, seismic reflection data, geologic 
mapping, etc.). I strived to compile tectonic rate data in a way to ensure that the type of rate 
reported for each structure is comparable. I carefully distinguished between slip rate (fault-
parallel motion) and vertical displacement rate (vertical component of slip). For brevity, I use the 
term “displacement” for the remainder of this paper to refer to the vertical component of slip. My 
compiled values for displacement reflect maximum displacement on the structure and were either 
1) reported explicitly in the original data source, 2) inferred from geologic cross sections and 
maps, or 3) calculated from reported deformation rate and age. Slip and deformation rate reflect 
the long-term average and were either 1) reported explicitly in the original data source or 2) 
calculated using slip or displacement and age determinations reported in the original data source. 
I acknowledge that using a long-term average for tectonic rate can introduce uncertainty, 
particularly for older faults that have long recurrence intervals, but a long-term average rate is 
most appropriate for comparison to range-scale topographies spread across the globe. If the 
original data source only reported slip rate or displacement rate, I calculated the other value 
using either the reported fault angle or estimated it using Anderson’s theory of faulting for 
approximating fault angle (Anderson, 1905). Similarly, if fault displacement was not reported I 
estimated it using a linear scaling relationship between fault displacement (D) and length (L) for 
dip-slip faults >1 km long (D = L*0.03; Schlische et al., 1996; Densmore et al., 2004). Specifics 
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of each location are collated in the supplemental Google Earth database (Appendix 2). Although 
using these models to relate fault-plane parallel slip and the vertical component of slip introduces 
uncertainty, they provide useful estimates from a brittle deformation mechanics perspective 
(Scholz, 2002). 
The second consideration is that the underlying control on topographic growth driven by 
faulting is the relative vertical displacement rate in the footwall compared to the hanging wall 
(for a normal fault, opposite for a reverse fault) because that is what sets local base level and 
hence affects the landscapes erosional response to slip (e.g. Barnes et al., 2011). I acknowledge 
that fault geometry can significantly affect the corresponding topography. The topography I 
observe may not be entirely attributable to slip on the underlying fault, particularly for thrust 
faults where fault-bend folding may result in cessation of topographic growth (i.e. surface uplift) 
once slip exceeds the vertical dimension of the ramp. Unfortunately, I cannot rule out that fault-
bend folding is not a factor in any of the mountain ranges I analyzed (e.g. Coalinga fold, CA, see 
Google Earth database for details). However, by reporting the vertical displacement on a fault (as 
opposed to total slip) I attempt to focus on the dimension of fault growth that primarily 
contributes to topographic development. I include the fault geometry of every analyzed structure 
in the Google Earth database for reference. I also assume that my compiled tectonic rates are the 
best estimates of relative displacement rate because (a) studies rarely measure tectonic rates 
explicitly in both the hanging walls and footwalls as well as footwall sedimentation rates, (b) it is 
beyond the scope of this paper to independently measure such rates, and (c) my principal intent 
is to explore the links between tectonic and topographic metrics that are the most commonly 
available. 
Topography 
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I used the ASTER 30 m global digital elevation model (DEM) (METI and NASA, 2012) 
to conduct the topographic analysis. Variables I measured include tip zone length and gradient, 
maximum and uniform relief, fault trace length, and along-strike changes in elevation and relief 
(Fig. 1.3, Google Earth database). I manually clipped the DEM based on the topographic extent 
of each mountain range (Fig. 1.3A), then collected one-pixel (~30 m) wide swaths perpendicular 
to the strike of the fault. I extracted along-strike minimum, mean, and maximum elevation and 
relief (defined as max – min elevation) profiles (Fig. 1.3B, C; see Appendix 2 for all profiles), 
and finally measured remaining parameters from these profiles (tip zone length and gradient). 
For example, tip zone length is the along strike distance from the fault tip to the point where the 
relief stops increasing (Fig. 1.3C); this key metric is the scale over which topography reaches a 
steady form (Densmore et al., 2004; Densmore et al., 2007b). I developed a quantitative method 
for selecting the along-strike location where relief transitions from increasing in value to 
becoming uniform in order to measure and compare tip zone lengths. After smoothing the relief 
profile with a spline function (red line, Fig. 1.3C), I define the tip zone length as the first zero 
crossing of the first derivative. Tip zone gradient is the rate of surface elevation change within 
this zone (green dashed line, Fig. 1.3C; after Densmore et al., 2004). Uniform relief (RU) is the 
mean local relief value within the fault interior (purple region in Fig. 1.3C) that excludes the tip 
zones. Fault trace length is defined as the furthest along-strike extent of range topography. 
Subsurface fault length may be longer than the surface fault trace, particularly in thrust systems 
(e.g. Wells and Coppersmith, 1994; Davis et al., 2005), so I consider fault trace length a 
topographic rather than a tectonic variable. 
Climate and Lithology 
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To account for variations in climate, I used mean annual and monthly precipitation. 
Precipitation values were compiled from the Global Precipitation Climatology Centre worldwide 
database (GPCC Normals Version 2010; http://gpcc.dwd.de) with a 0.25° grid size (Becker et al., 
2013; Schneider et al., 2014). I avoided heavily glaciated ranges. I also used a semi-quantitative 
scale for lithologic variations across each range (1-5, weak to strong) based on the dominant 
exposed lithology. The ranking is based on physical and mechanical properties (uniaxial 
compressive/tensile strength, elastic modulus, point load index, Schmidt hammer rebound 
values) generalized for rock type (Obert and Duvall, 1967; Zhang, 2005). 
Data Analysis 
I performed two bivariate statistical analyses on my database. First, a test of linear 
dependence, or Pearson correlation, between all non-categorical variables (Tables 1.3, 1.4; 
Davis, 2002). Second, because the lithologic strength variable is categorical, I conducted a test of 
monotonic dependence, or Spearman correlation, between lithologic strength and all other 
variables (last column, Tables 1.3, 1.4). A Spearman correlation is a nonparametric measure of 
dependence and is well-suited for ranked data (Spearman, 1904). For both tests, I report R and p-
values. The closer the correlation coefficient, R, is to 1, the better the correlation. P-values are 
the probability that the results could be obtained by random chance such that lower p-values 
indicate a more robust correlation (Davis, 2002). I performed these analyses on Tier 1 (Table 3) 
and on all the data (Table 4) to explore relationships between the various tectonic and 
topographic variables. In the discussion below, I focus on (A) the best correlations (R > 0.5; p-
values < 0.01), and (B) the surprising non-correlations, both of which lead to new insights into 
the links between faulting and the resultant landscape form. 
RESULTS 
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To understand the controls of fault-driven landscapes, I investigate the statistical 
relationships between topographic metrics (listed above) and tectonic, climatic, and lithologic 
parameters using correlation statistics. Because my primary interest is to understand the 
controlling variables in shaping the landscape, I only elaborate on strong relationships that relate 
to the landscape. For brevity, I only show plots for statistically significant regressions or for 
those that seem to have the most meaningful insights. Below I report the R and p-values for Tier 
1 data (Table 3), with the corresponding R and p-values for all data (Tier 1 + Tier 2; Table 4) in 
brackets immediately following. 
Tip Zone Length and Faulting Rate 
There is a significant (p-value < 0.01) negative correlation between tip zone length and 
faulting rate (Fig. 1.4, Tables 1.3, 1.4). my database includes fault slip rates from 0.15 to 13.8 
km/m.y., displacement rates from 0.075 to 8.3 km/m.y., and tip zones from 3.2 to 44 km (3.2 - 22 
km for Tier 1) long (Tables 1.1, 1.2). In the range interiors, relief reaches mean values (RU; e.g. 
Fig. 1.3) of ~150 to 2650 m. Regression between tip zone length and displacement rate shows 
that faster rock uplift results in shorter tip zone length (R = -0.55 [-0.36], p-value 0.008 [0.019]; 
Fig. 1.4A, Tables 1.3, 1.4). This correlation is lower for slip rates (R = -0.51 [-0.31], p-value 
0.015 [0.043]; Fig. 1.4B, Tables 1.3, 1.4), presumably because it is the vertical component of 
rock motion that affects relief growth the most. However, no topographic metric shows any 
significant trend related to fault type. At low faulting rates (<~1 km/m.y.), the increased scatter 
in tip zone length may be related to regional-to-local factors such as lithology and climate. For 
example, the White Mountains, California, has one of the largest tip zones (20 km) and is A) 
classified as arid, cold desert (Kottek et al., 2006) and B) made up of hard granitic and 
metamorphic rock (Tables 1.1, 1.2; Stockli et al., 2003). Overall, the main results are that the 
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faster the fault slips, the shorter the distance over which relief saturates (tip zone distance) and 
that regional-scale factors like climate and lithology may impart influence on some of the more 
extreme outlier tip zones in a predictable way. 
Precipitation and deformation rate 
 Two of the strongest correlations in my database are between precipitation and slip rate 
and precipitation and displacement rate (R = 0.64 [0.62] and 0.67 [0.64]; p-value = 0.001 [0.000] 
for both; Fig. 1.4C, Tables 1.3, 1.4). Documented mean monthly precipitation range from 2 ± 2 
mm/month (21 mm/yr mean annual; S. Aksai Range, China) to 180 ± 150 mm/month (2103 
mm/yr mean annual; Pakuashan Anticline, Taiwan). Here I define the uncertainty as one 
standard deviation, which reflects the seasonal variability in rainfall. For example, the S. Aksai 
Range, China, receives < 1 mm/month of precipitation for ~8 months out of the year. The 
positive correlation indicates that mountain ranges with faster faulting rates tend to also have 
higher rates of precipitation. Precipitation also has a moderately significant negative correlation 
with age of faulting (R = -0.51 [-0.47], p-value = 0.016 [0.002]), with younger locations tending 
towards higher amounts of precipitation (Table 1.2). Collectively, these results statistically link 
rainfall, tectonic rates, and age of faulting. 
Tip zone gradient 
 Tip zone gradient (relief increase per unit tip zone length, Fig. 1.3C) has no correlation 
with any other non-landscape variable in my database (Tables 1.3, 1.4). The strongest correlation 
is between tip zone gradient and lithology, but it is a poor correlation at best (R = 0.29 [0.24], p-
value = 0.210 [0.122], Fig. 1.5A). Tip zone gradient has a mean value of 0.076 and a standard 
deviation of 0.033 (Table 1.2; Fig. 1.5A). The maximum value is 0.15 and the minimum is 0.026. 
11 
 
There is little variation in tip zone gradient, the majority (80%) of values fall between 0.05 and 
0.15, suggesting that this parameter converges around a common value. 
Relief and tectonic variables 
There are moderate-to-strong correlations (R = ~0.5-0.6) between measures of relief (RU, 
RMAX) and tectonic variables (slip and displacement rate, total displacement; Tables 1.3, 1.4). 
Both RU and RMAX have negative correlations with slip rate (R = -0.53 [-0.21], R = -0.48 [-0.23], 
respectively) and displacement rate (R = -0.56 [-0.24], R = -0.49 [-0.26], respectively). Relief 
metrics have slightly stronger correlations with magnitude of displacement (R = 0.52 [0.56] for 
RMAX; R = 0.64 [0.52] for RU; Tables 1.3, 1.4). Magnitudes of uniform relief are between 130 m 
(Balachaur fold, Siwalik Hills) and 2645 m (Kyrgysz Range, Kyrgyzstan) with most (91%) relief 
measurements at <1500 m (Fig. 1.5B). Maximum relief magnitudes are between 172 m 
(Balachaur fold, Siwalik Hills) and 3567 m (Kyrgysz Range, Kyrgyzstan) with most (84%) 
values at < 2000 m. The general trend is that slower slip and displacement rates and higher 
magnitudes of displacement correlate with higher relief. 
Rock strength 
 My classification of lithologic strength has strong correlations with tectonic and 
topographic variables (R = 0.60-0.76) (Tables 1.3, 1.4). I reiterate here that this variable is based 
on assumptions about rock strength and is spatially averaged over the entire analyzed mountain 
range. Due to the semi-quantitative nature of the lithology variable, I calculated a Spearman 
correlation coefficient rather than a Pearson correlation coefficient, which is intended to evaluate 
monotonic relationships. My analysis provides a correlation coefficient of R = 0.66 (0.60) and 
0.73 (0.64) (p-value = ≤ 0.001 for all, Tables 1.3, 1.4) between lithologic strength and uniform 
and maximum relief, respectively. Mountains with higher relief tend to be composed of stronger 
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(less erodible) rock. The correlation coefficient between lithologic strength and displacement is 
R = 0.64 (0.46), and with slip and displacement rate it is R = -0.76 (-0.59) and R = -0.64 (-0.52) 
(p-value ≤ 0.001 for all, Tables 1.3, 1.4). These results suggest that substrate strength is a central 
control on mountain tectonomorphic systems. 
DISCUSSION 
What controls fault-driven topography? Landscapes are a reflection of the dynamic 
feedbacks between tectonics, climate, and erosion. As expected, my results do not support a 
single driver for landscape development, as is evident by the large scatter in my dataset. That 
said, I do observe two constants in my dataset. First, all ranges cease increasing in relief at some 
distance from their tips, reaching a saturation in relief within their interiors. Second, the distance 
over which that relief saturation is achieved is measurable as some distance from the tip (“tip 
zone”). Collectively, my results show significant correlations between definable topographic 
metrics and variables that shape the landscapes (i.e. tectonic rate, climate, and lithology). In the 
next section, I discuss the results of my data analysis that shed light onto dominant drivers of 
fault-driven landscapes, and focus primarily on the strong, negative correlation between tip zone 
length and tectonic rate and the implications of that relationship for estimating the timescales of 
relief generation. 
Climate and tectonics 
The strong positive correlation between modern precipitation and tectonic rate alludes to 
a feedback between tectonics and climate, but whether this is a causal relationship or coincidence 
remains an open question. In recent decades the role climate plays in tectonic evolution has 
become increasingly appreciated (e.g. Whipple, 2009) with several studies documenting the 
coupled increase in denudation and deformation (e.g. Willett et al., 1993; Beaumont et al., 2001; 
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Zeitler et al., 2001; Berger et al., 2008). One way to interpret my results is as further evidence for 
such coupling, which suggests a universal link between rapid deformation and rainfall. A second 
interpretation is that the most rapidly slipping faults are at the fronts of active orogenic belts (e.g. 
Himalayas and Taiwan), which tend to possess high orographic precipitation. In this case, my 
results are simple coincidence. Regardless of the interpretation, there is an observed correlation 
between rapidly moving faults and the amount of regional precipitation; whether the relationship 
is causal, coincidence, or both remains a path for continued investigation. 
Lithology and mountain relief 
What controls the limit to mountain relief? The morphology of all the investigated 
mountain ranges is characterized by increasing relief from the tip to a maximum threshold value, 
which I call uniform relief (Ru). The strongest correlation (with a non-topographic metric) for 
uniform relief of Tier 1 ranges is with displacement (R = 0.64, p-value = 0.001) and lithologic 
strength (R = 0.66, p-value = 0.001; Tables 1.3, 1.4). Lithology, which I use as a proxy for 
substrate erodibility, has a significant influence on fault-driven landscapes. In addition to a 
correlation with uniform relief, lithologic strength has strong, positive monotonic relationships 
with maximum relief, age of onset, and displacement (Tables 1.3, 1.4). Erosion rates are 
dependent on rock type, with weaker rocks displaying higher erosion rates and more mass 
wasting events than stronger lithologies (Schmidt and Montgomery, 1995; Molnar et al., 2007; 
Chen et al., 2011; Burbank and Anderson, 2012). Lithologic strength is intuitively linked with 
age and displacement: as uplift progresses over time, erosion removes younger, softer rocks and 
exposes harder, underlying rocks (Burbank et al., 1999). Thus, large magnitude displacement 
tends to expose deeper, stronger rocks that decrease the erodibility of the system, which in turn 
results in a higher magnitude of relief. Exceptions to this generalization include crystalline 
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intrusive bodies and thrust fault settings where older, more robust rock can be superimposed 
above younger, softer rock. In the absence of quantitative data on the mechanical properties of 
each location, this observation is somewhat speculative and presents an interesting avenue for 
future research. To what degree does lithology control mountain topography? Substrate 
properties are often impossible to compile across large areas and as a result are often overlooked 
in favor of tectonics or climate as dominant drivers of mountain-scale landscapes (e.g. Densmore 
et al., 2007b; Champagnac et al., 2012). My results, although qualitative, suggest a significant 
influence of substrate strength on mountain relief. 
Tip zone gradient and fault tip taper 
My geomorphic measurements of tip zone gradient may be a reflection of underlying 
fault geometry, providing support for mechanical models of rock deformation. The converging of 
tip zone gradient values around a mean of 0.08 (Table 1.2) coupled with the lack of significant 
trends between tip zone gradient and any other variable (Tables 1.3, 1.4) may be indicative of 
critical fault tip taper (e.g. Scholz, 2002). Displacement profiles of faults show a maximum near 
the center of the fault and displacement tapering to zero at the tips (e.g. Fig. 1.1A). Fault 
mechanics require that displacement taper off in such a way that stresses remain finite at the tips; 
as slip accumulates in the fault interior, stress builds up at the fault tips until it reaches the yield 
strength of the rock, at which point the fault grows laterally (Cowie and Scholz, 1992c; Scholz, 
2002). The angle the displacement profile forms as it tapers is called Fault Tip Taper (FTT; Fig. 
1.1A) and is proportional to the strength of the material (Cowie and Scholz, 1992c; Scholz et al., 
1993; Scholz, 2002). Thus, based on fracture mechanics models, I would expect the tip zone 
slope to correlate with rock strength. The lack of correlation observed here could be because my 
lithology database is not very robust and/or because isolated faults grow with a constant FTT 
15 
 
(Kanninen and Popelar, 1985; Dawers et al., 1993). If the latter, my observation that tip zone 
gradient values cluster between 0.07-0.1 may be indicative of a threshold gradient due to FTT. 
This speculation is further supported by the strong link between relief and tip zone length in all 
studied mountain ranges (R = 0.74 [0.72] for maximum relief, R = 0.70 [0.73] for uniform 
relief). Implicit in this observation is that if tip zone gradient converges to a threshold value, then 
the tip zone length and relief would have a coupled increase or decrease. 
Tip zone length and tectonic rate 
I find the strong correlation between deformation rates and tip zone length to be 
particularly interesting due to the implications for relief saturation and the temporal scales of 
relief growth. Why do faster deformation rates result in shorter tip zones? Assuming that the 
range-forming faults adhere to the well-established relationship between distance along-strike 
and slip rate/displacement (Fig. 1.1), the highest slip rates will be in the along-strike center. High 
tectonic rates are correlated with frequent mass wasting events (Binnie et al., 2007) that 
contribute to rapid denudation and lower relief of mountains (Champel et al., 2002; Korup et al., 
2007). If the transition from increasing to uniform relief is coincident with higher deformation 
rates, as predicted by conceptual models of fault growth (Fig. 1.1), then those higher deformation 
rates could in turn be coincident with more efficient erosive processes (Densmore et al., 2007b). 
Thus the transition to uniform relief is the landscape reflection of an erosional and tectonic 
balance. I can in turn speculate that temporally, ranges with faster deformation rates will 
experience a more rapid shift to uniform relief (i.e. shorter tip zones), especially if they consist of 
weak rocks in humid climates. Unfortunately, my dataset for slip rates possesses far more slowly 
moving faults (< 2 km/m.y.; n = 28) than rapidly moving ones (> 2 km/m.y.; n = 13; Fig. 1.4B, 
Table 1.1). This bias is a natural consequence of examining global fault populations; due to the 
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processes involved in the evolution of fault populations, less active faults far outnumber highly 
active faults in nature (Cowie, 1998). Although the relationship between tip zone and 
deformation rate is strongly affected by a small number of ranges with fast deformation rates, it 
is the best global-scale estimate that exists. 
Another possible explanation of the tip zone observations is that range relief saturation is 
related to seismogenic zone thickness or decollement depth. Brittle failure is limited to the 
uppermost portion of the crust and the thickness varies depending on several factors including 
geothermal gradient, rheology, composition, and overall crustal thickness (Watts and Burov, 
2003). Faults reaching the brittle-ductile transition has been evoked to explain observed 
maximum displacements and fault segment lengths (Scholz and Contreras, 1998), thus it may 
follow that tip zone length also follows a similar scaling. Shallower brittle-ductile transitions 
reduce the fault length, displacement, and down-dip extent of faulting (Watts and Burov, 2003), 
thus I would predict shallow decollements to be associated with shorter tip zones. The 
decollement beneath the Siwalik Hills at the Himalayan front is ~5-7 km (Powers et al., 1998) 
where short (5-6 km) measured tip zones are located (Barnes et al., 2011). In the U.S. Basin and 
Range, in comparison, the seismogenic zone is 15-20 km thick (Anderson et al., 1983; Stein et 
al., 1988) and tip zones are ~14 km long on average (9.5-20 km, Table 1.1). Although precise 
estimates for depths to decollements do not exist for many faults in my database, this example 
hints at a link between tip zone length and decollement depth. 
It is worth mentioning that fault geometry, particularly fault-plane angle and its variation 
with depth, can influence the magnitude and rate of uplift and hence the resulting topography of 
fault-driven mountain ranges (Wickham, 1995; Hubert-Ferrari et al., 2007; Burbank and 
Anderson, 2012). In exerting control on rock uplift and advection, fault geometry has the 
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potential to significantly influence mountain relief, range width, and tip zone length and gradient 
(Miller and Slingerland, 2006; Barnes et al., 2011; Burbank and Anderson, 2012; Styron et al., 
2013). For example in a compressional setting with ramp-flat geometry, if fault slip has 
overcome the vertical dimension of the ramp then surface uplift may cease (Burbank and 
Anderson, 2012). The size, angle, and continuity of the ramp relative to the total slip are factors 
in the ratio of shortening to uplift (Suppe and Medwedeff, 1990; Hubert-Ferrari et al., 2007). It is 
possible that some observed tip zones are actually fault-propagation folds in transition to fault-
bend folds, in which case the observed tip zone slope and length may be a combined reflection of 
rock properties, fault geometry, rheology, and decollement kinetics (e.g. Suppe and Medwedeff, 
1990; Champel et al., 2002). 
Time for relief generation 
My observations have implications for estimating the timescale for relief generation, in 
other words the time it takes to reach a steady form, within the established fault growth 
framework (e.g. Fig. 1.1A). One idea is that the length over which uniform relief is achieved, the 
tip zone length, can be converted to a time scale using the fault tip propagation rate (henceforth 
referred to as the Tip Zone Method), which assumes the latter is a gradual and steady process 
(Fig. 1.6A; after Densmore et al., 2004). Unfortunately, (A) few data exist on fault tip 
propagation rate so it often must be estimated (here and elsewhere assumed to be ~10x the fault 
slip rate; e.g. Barnes et al., 2011; Densmore et al., 2004); and (B) the assumption that faults grow 
by systematic and simultaneous increases in both displacement and length may be inaccurate 
(e.g. Cowie and Scholz, 1992c; Walsh et al., 2002; Amos et al., 2010; Mouslopoulou et al., 
2012). Instead, scaling properties of both earthquakes and faults support the idea that fault length 
may become established early on and that further growth is achieved by increases in 
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displacement without tip propagation (Walsh et al., 2002). Due to these caveats associated with 
fault tip propagation, I propose another method for estimating the timescale for relief generation 
where the uniform relief (RU) is divided by the long-term displacement rate (henceforth referred 
to as the Uniform Relief [RU] Method; Fig. 1.6B). RU represents the mean relief accumulated in 
response to active faulting combined with the evolving erosional processes that shape the 
uplifting landscape. Thus, dividing RU by the long-term displacement rate provides an estimate 
for the minimum amount of time required to accumulate the relief because presumably the range 
crest itself has lowered some due to erosion. Both methods discussed here produce similar 
estimates for the timescale to reach steady relief (Fig. 1.6C). That said, I favor the Uniform 
Relief Method because estimating fault tip propagation rate using a 10:1 ratio to fault slip rate is 
based on theory with limited supporting data (Morewood and Roberts, 1999), whereas 
displacement rate is more likely to be independently constrained. 
Applying the Uniform Relief Method provides timescales to reach steady relief varying 
from ~30 k.y. to 4 m.y. for the Tier 1 ranges (Fig. 1.6B). What does it mean when range 
topography reaches a steady form? I suggest that beyond time periods greater than those required 
to achieve uniform relief, the range begins acting as a tectonically and geomorphically coherent 
system. Upon reaching this evolved phase of development, fault-driven ranges are in equilibrium 
with their regional tectonomorphic setting. For example, ranges within the same tectonic 
province, with similar size, slip rate, and climate, require similar timescales to reach a steady 
form. The nine (Tier 1) faults in my database from the U.S. Basin and Range are estimated to 
take between 1 and 5 m.y. to saturate in relief (green circle, Fig. 1.6); the two (Tier 1) faults from 
the Siwalik Hills take between 30 and 70 k.y. (purple oval, Fig. 1.6). My results are consistent 
with landscape evolution models that predict steady-state topography in the Basin and Range 
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takes ~1-4 m.y. to develop (Ellis et al., 1999). Basin and Range faults have longer tip zones, 
greater relief, slower slip rates, and lower rates of precipitation than Siwalik Hills faults (Fig. 1.6, 
Tables 1.1, 1.2), resulting in overall lower erosivity in the Basin and Range. My findings suggest 
that emergent ranges uplifting due to active faults display regionally consistent self-similar forms 
that reflect their particular environmental balance between tectonic input and erosional output 
similar to what other studies have shown at orogenic belt scales (e.g. Willett and Brandon, 2002; 
Champagnac et al., 2012). The implication is that distinctive, identifiable equilibrium landscape 
forms may be used to estimate the time scale for their development. 
Predicting faulting rate from topography? 
My data analysis also suggests I can predict 1st-order fault kinematics from emergent 
topography in places where faulting rate estimates do not exist. Learning how to exploit 
landscape form to unravel tectonics remains an overarching goal of tectonic geomorphologic 
research (e.g. Kirby et al., 2003; Wobus et al., 2006; Boulton and Whittaker, 2009). For example, 
little is known about displacement or slip rates in the seismically active region of Iran’s border 
with Afghanistan and Pakistan (Walker and Jackson, 2004). One thrust fault tip zone in the 
Makran Region measured 7.7 ± 0.8 km long (blue diamond, Fig. 1.2). Using the relationship 
between displacement rate and tip zone length from my analysis, this tip zone implies a 
displacement rate of 4.6 ± 0.7 km/m.y. and a slip rate of 8.1 ± 1.4 km/m.y. (yellow diamond, Fig. 
1.4A,B). This estimate is similar to sparse geomorphic and GPS evidence that estimate regional 
slip rates are between 2.5 and 6 mm/yr (Walker and Jackson, 2004). For mountain ranges with 
long tip zones (>15 km) the potential to predict the deformation rate with precision is somewhat 
limited based on the scatter in my dataset. While caution should be noted, the data and 
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relationships presented here have the power to provide A) a starting point for more thorough 
study or B) an estimate for a remote location where thorough investigation is difficult. 
CONCLUSIONS 
My global analysis of tectonomorphic variables from active fault-driven ranges shows 
that emergent ranges always achieve uniform relief, and the spatiotemporal scales over which 
this steady form is achieved correlates with the long-term (10
4-6 
yrs) fault slip and displacement 
rate. In short, rapidly slipping faults produce mountain ranges that saturate in relief over shorter 
distances and in less time than slowly slipping faults. Furthermore, maximum mountain relief 
has stronger correlations with lithology and total fault displacement than displacement rate. My 
results (a) imply that there are broad tectonic controls on the early phases of topographic growth 
that can be modulated by regional variations in lithology and climate, (b) warn that the impacts 
of climate and lithology on mountain relief should not be ignored, and (c) suggest that relief 
patterns in uplifting landscapes may be used as a 1st-order predictor of faulting rate. My results 
may provide further insights into basic links between tectonics, topography and climate when 
compared with data from other scales. 
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Figure 1.1 Schematic along-strike fault and topographic growth 
 
Schematic along-strike fault and topographic growth (time steps 1-3; simplified from Densmore 
et al., 2007). A) Along-strike profile of fault throw. Black numbers are progressive timesteps 1-
3, corresponding to the gray curves. FTT – Fault Tip Taper is the angle the displacement profile 
makes with horizontal. B) Displacement (gray dashed line) and topography at time 3, showing 
relief increase within the tip zones compared to uniform relief within the range center. 
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Figure 1.2 Fault-driven ranges studied 
 
Fault-driven ranges studied (see text for explanation of Tiers). Names, locations, fault types, data 
sources, and all tectonic variables are in Table 1.1 and all topographic variables, climate 
variables, and lithologic ranking are in Table 1.2, all data is compiled and visible in supplemental 
Google Earth database (.kmz file) included with this chapter (Appendix 2). Number in 
parentheses = number of ranges analyzed in the region (no number means n = 1). Diamond is a 
fault in the Makran Region, Iran. BR = Basin & Range, USA; APP = Appenines, Italy; OTG = 
Otago, New Zealand; ZAG = Zagros, Iran; SIW = Siwalik Hills, India; CAL = San Joaquin 
Basin, California; TAI = Taiwan; TSH = Tien Shan, China and Kyrgyzstan; PAND = Andes, 
Peru; AAND = Andes, Argentina; ATL = Atlas Mountains, Morocco; GRE = Gulf of Corinth, 
Greence; ALP = European Alps, Italy; GAN = Gansu Province, China; CAU = Caucasus, 
Azerbaijan; TAU = Taupo, New Zealand. 
  
23 
 
Figure 1.3 Range topography measurements 
 
Range topography measurements with example application to the Mohand Range in northwest 
India (location SIW in Fig. 1.2; method after Champagnac et al. 2012; Densmore et al. 2004). A) 
Isolated Mohand Range topography. B) Swath elevation profiles along strike including 
maximum, minimum, and mean elevation (EMAX, EMIN, EMEAN). C) Relief parameters measured 
are maximum relief (RMAX), tip zone length, uniform relief (RU) between tip zones (purple box), 
and tip zone gradient that indicates the rate of relief growth (green dashed line). I quantitatively 
determined tip zone length (and hence other dependent metrics as well) by spline-smoothing (red 
line) the relief profile (black line), then calculating its first major inflection from the tip. 
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Figure 1.4 Plots for the highest correlations 
 
Plots for high correlations (R > 0.5, p-value ≤ 0.01) between tectonic, topographic, and climatic 
variables. Rock uplift and slip rate error bars are uncertainties as reported in the literature (see 
Table 1.1). Regression lines are fit to Tier 1 data only with uncertainty envelopes (grey zones) at 
95% confidence. Tip zone length vs. (A) rock uplift rate and (B) long-term slip rate. (C) Mean 
monthly precipitation vs. long-term slip rate. Error bars on precipitation are 1σ and show the 
seasonal variation in precipitation. 
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Figure 1.5 Trends between lithologic strength and tip zone slope and uniform relief 
 
Trends between lithologic strength and (A) tip zone slope and (B) uniform relief. Dashed line 
separates Tier 1 (left) from Tier 2 (right) data. Data points are colored based on their lithologic 
strength data (Table 1.2, see text for description). Slope is shown with mean and standard 
deviation. Note that both tip zone slope and relief tend to increase with lithologic strength (e.g. 
blues change to reds). 
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Figure 1.6 Quantifying timescales to reach uniform relief in emergent ranges 
 
Quantifying timescales to reach uniform relief in emergent ranges. Tier 1 data and data for 
ranges with independently constrained propagation rates (red circles in A) are included. A) Tip 
zone method: tip zone vs. propagation rate, estimated using 10:1 ratio between tip propagation 
and slip rate (after Densmore et al. 2004). Red circles are ranges with independently measured 
propagation rates: Kyrgysz Range, S. Alkyonides fault, Kashi anticline, and Wheeler Range (see 
Notes section in Google Earth database). Curves are contours of the time required for the fault to 
propagate across the tip zone length. B) RU method: mean uniform relief (RU) vs. rock uplift rate. 
Curves are contours of the time required for the range to reach uniform relief. Squares = normal 
faults; circles = reverse faults; Filled squares – Basin and Range (B & R); filled circles – Siwalik 
Hills (SH). C) Comparison of time needed to reach steady relief between the two methods. 
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Table 1.1 Tectonic variables for each range and corresponding references. 
 
 
Range Tier
Fault 
type†
Slip rate 
(km/Myr)
Vertical 
displacement 
rate (km/Myr)
Tip 
zone 
(km)
Vertical 
displacement 
(km)
Age of 
onset 
(Ma)
Method 
used** Reference
Aguarague Range, Argentina 1 T 2 1* 22 2.5-3 2.5-3 S,m,s,w,o Echavarria et al., 2003 and references therein
Beaverhead Range, ID 1 N 0.3 0.25* 10 5-6 5.4 S,i Densmore et al., 2004; 2007b; Anders et al. 1993
Chandigarh fold, India 1 T 6.3 4-6 5 2.7-3.8 0.63 S,r,p,m,w Barnes et al., 2011; Malik & Nakata, 2003
Coalinga fold, CA 1 T 0.5-3 1.1 9.5 2.5 2.2 S,s,w Guzofski et al., 2007; Namson & Davis, 1988
Jackson Mtns, NV 1 N 0.6 0.4 14.7 4.5-5.4 12 S,T Colgan et al., 2006
Kashi anticline, China 1 T 3.6* 1.8 13 2.5 1.4 S,m Chen et al., 2007; Scharer et al., 2006
Kettleman Hills, CA 1 T 1-1.2 0.3-0.5 7 0.7-1.2†† 3 S,s,w Guzofski et al., 2007; Namson & Davis, 1988
Lemhi Range, ID 1 N 0.6 0.5 16 5-6 <6.5 S,T,i Densmore et al., 2004; 2007b; Anders et al., 1993
Liri Fault, Italy 1 N 1.3* 1.1 8 2 2.5-3.3 S,p,i Roberts & Michetti, 2004
Lost River Range, ID 1 N 0.3 0.25* 15 5-6 <6.5 S,i
Densmore et al., 2004; 2007b; Stein et al., 1988; 
Janecke et al., 1991
Mand Anticline, Iran 1 T 0.8* 0.42 7.3 2.1 5 S,w,r,s Oveisi et al., 2007
Mohand fold, India 1 T 13.8 6.9 6 2.3-3.2 0.78 S,r,p,m
Barnes et al., 2011; Powers et al., 1998; Wesnousky et 
al., 1999
Ostler Fault, New Zealand 1 T 1.2-1.9 0.3-1.2 4 0.8 2.4 S,O,C,G,s
Amos et al., 2010; Ghisetti et al., 2007; 
Amos et al., 2007
Paeroa Fault, New Zealand 1 N 1.7* 1.5 9.5 0.56-0.9 1-0.9 S,T,i
Nicol et al., 2006; Villamor & Berryman, 2001; 
Berryman et al., 2008; Wilson et al., 1995
Pakuashan Anticline, Taiwan 1 T 13* 8.3 3.2 0.5 0.06 S,O Simoes et al., 2007
Pine Forest, NV 1 N 0.6 0.5* 9.5 5.3-6.9 13 S,T Colgan et al., 2006
Ruby Valley, NV 1 N 0.28* 0.24 12 2.4 <10 S,T Colgan et al., 2010
Santa Rosa, NV 1 N 0.6-0.7 0.4-0.5 10.5 5-6 12 S,T Colgan et al., 2006
Timpia Fold, Peru 1 T 0.52 0.43 17 1.5-3 <6 S,T,s,w Espurt et al., 2011
Toiyabe Range, NV 1 N 0.2-1.0 0.3 18 4-5.5 15 S,T,G Stockli, 1999; Redsteer, 1998
Wassuk Range, NV 1 N 0.7* 0.6 16 8.5 15 S,T Stockli et al., 2002; Gorynski et al., 2013
Wheeler Range, CA 1 T 4.3 3.2 5.8 0.44 0.4 S,G,r,w Keller et al., 1998; Medwedeff, 1992
Apennines (zone), Italy 2 N 5.1* 4.4 24 6.6 2.5-3.3 S,p,i Roberts & Michetti, 2004
Balachaur fold, India 2 T 6 5 4.5 1.3†† ~0.5 S,e,s,w Powers et al., 1998
Diamond Fault, NV 2 N <0.2 <.15 13.6 2.1†† 10-15 S,G Redsteer et al., 2000
Fucino Fault, Italy 2 N 2.3* 2 4.3 2.2 2.5-3.3 S,p,i Cowie&Roberts, 2001; Roberts & Michetti, 2004
High Atlas Range, Morocco 2 T 0.15 0.075 18.2 2.2†† N.D.# S,T Balestrieri et al., 2009
Kyrgysz Range, Kyrgyzstan 2 T 1 0.5* 44 6 11 S,T Sobel et al., 2006; Bullen et al., 2003
Maolin Range, Taiwan 2 T 10* 5 8.9 6 3.4 S,T Willet et al., 2003; Fuller et al., 2006
Mingacevir Range, Azerbaijan 2 T 2.4 1.2 6.2 2-4 3.4-1.6 S,T,i
Forte et al., 2010; Avdeev & Niemi, 2011; 
Mosar et al., 2010
Pilot Creek Range, NV 2 N <0.2 <.15 10 2.7†† 10-15 S,G Oswald, et al., 1998
Raggedy-Blackstone, New Zealand 2 T 0.8* 0.4 7.7 .5-1 1.2 S,C,e Bennett et al., 2006; Markley & Norris, 1999
S. Aksai Range, China 2 T/SS 6* 3 17 1.4†† 1-5 S,G,e Gold et al., 2006; Cowgill et al., 2004
S. Alkyonides, Greece 2 N 2.9-3.5* 2.5-3 13 2.5-3 1 S Morewood & Roberts, 1999; Armijo et al., 1996
Scurcola Fault, Italy 2 N 0.96* 0.83 3 1.46 2.5-3.3 S,p,i Roberts & Michetti, 2004
Trassaco Fault, Italy 2 N 0.96* 0.83 5.7 1.42 2.5-3.3 S,p,i Roberts & Michetti, 2004
Valdobbiadene, Alps, Italy 2 T 1.9 0.75 7 1.2†† N.D.# S,r,e Benedetti et al., 2000
W. Humboldt Range, NV 2 N <0.2 <.15 13 1.7†† 10-15 S,G Adams et al., 1999
White Mtns, CA 2 N/SS 0.9 0.7 20 8 12 S,T Stockli et al., 2003
Zagros KSD fold, Iran 2 T <1 0.25 17 1-2 8 S,G,g,m
Zarrinabad fold, Iran 2 T 0.7-0.8 0.4 7.3 3 8.1-7.2 S,G,g,m
** T=thermochronology, S=structural mapping, p=paleoseismologic trenching, O=OSL, r=radiocarbon, m=magnetostratigraphy G=geomorphic analysis, w=well, s=seismic, 
C=cosmogenic nuclides, g=geodetics, i=isotopic dating, o=oxygen isotopes, e=extrapolated from proximal structures
# N.D. = No data
Blanc et al., 2003; Ramsey et al., 2008; 
Allen et al. 2004; Homke et al., 2004
Table 1: Tectonic variables for each range and corresponding references
† N = Normal fault, T = Thrust fault, SS = Strike-slip fault 
* Either slip or uplift rate were reported in literature, the starred rate was then calculated using fault angle.
†† Vertical displacement is estimated using a linear scaling relationship between fault displacement and length: D = L*0.03 (Schlische et al., 1996)
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Table 1.2 Topographic, climatic, and lithologic variables for each range. 
 
Range
Tip 
zone 
length 
(km)
Maximum 
relief, 
Rmax (m)
Uniform 
relief, RU 
(m)
Maximum 
elevation, 
Emax (m)
Minimum 
elevation, 
Emin (m)
Trace 
length 
(km)
Annual 
precip.* 
(mm/yr)
Mean 
monthly 
precip.* 
(mm)
Lith.* 
ranking
Tip zone 
slope 
(SlopeTZ)
Aguarague Range, Argentina 22 1310 701 1883 662 282.6 992 83 ± 74 2 0.117
Beaverhead Range, ID 10 1292 916 3458 1980 127.0 234 19 ± 11 3 0.092
Chandigarh fold, India 5 300 199 615 316 46.9 1256 102 ± 121 1 0.040
Coalinga fold, CA 9.5 1072 898 1600 402 65.9 229 19 ± 17 1 0.095
Jackson Mtns, NV 14.7 1316 790 2691 1387 51.8 196 16 ± 7 5 0.079
Kashi anticline, China 13 954 860 2421 1410 61.6 112 10 ± 6 1 0.066
Kettleman Hills, CA 7 276 192 406 121 38.5 170 14 ± 13 1 0.027
Lemhi Range, ID 16 1716 1273 3689 1788 156.9 230 19 ± 9 3 0.080
Liri Fault, Italy 8 1474 1120 2041 671 55.0 933 78 ± 32 3 0.140
Lost River Range, ID 15 1861 1157 3820 1906 137.0 238 20 ± 8 3 0.077
Mand Anticline, Iran 7.3 744 488 806 59 74.1 247 20 ± 26 2 0.067
Mohand fold, India 6 581 432 931 364 77.1 1442 119 ± 159 1 0.072
Ostler Fault, New Zealand 4 390 209 880 485 34.4 994 64 ± 8 1 0.026
Paeroa Fault, New Zealand 9.5 553 413 960 382 23.2 1269 118 ± 14 2.5 0.034
Pakuashan Anticline, Taiwan 3.2 368 262 447 72 32.8 2103 180 ± 150 1 0.087
Pine Forest, NV 9.5 1110 792 2447 1331 53.9 218 17 ± 7 5 0.083
Ruby Valley, NV 12 1439 1068 3465 1963 99.0 401 32 ± 11 5 0.082
Santa Rosa, NV 10.5 1558 1071 2942 1517 88.7 275 22 ± 8 5 0.102
Timpia Fold, Peru 17 3435 1145 4155 772 90.4 1690 141 ± 86 2 0.067
Toiyabe Range, NV 18 1746 1051 3552 1845 182.6 193 16 ± 3 5 0.081
Wassuk Range, NV 16 2117 1166 3407 1557 108.0 158 13 ± 4 5 0.073
Wheeler Range, CA 5.8 472 390 591 241 18.1 210 18 ± 15 1 0.057
Apennines (zone), Italy 24 2735 1906 2866 161 176.8 858 71 ± 22 3 0.080
Balachaur fold, India 4.5 172 130 540 349 43.5 1026 81 ± 93 1 0.029
Diamond Fault, NV 13.6 1178 859 3235 1890 69.7 285 23 ± 8 3 0.063
Fucino Fault, Italy 4.3 771 500 1592 893 15.7 870 72 ± 16 3 0.116
High Atlas Range, Morocco 18.2 3138 2583 3605 644 72.2 225 21 ± 20 4 0.142
Kyrgysz Range, Kyrgyzstan 44 3567 2645 4859 1187 358.6 606 50 ± 19 5 0.060
Maolin Range, Taiwan 8.9 2198 1281 2644 305 34.3 1689 139 ± 133 4 0.144
Mingacevir Range, Azerbaijan 6.2 346 265 438 86 32.0 387 32 ± 11 1 0.029
Pilot Creek Range, NV 10 1079 651 2923 1735 89.4 195 16 ± 4 5 0.065
Raggedy-Blackstone, New Zealand7.7 578 304 986 373 41.5 432 37 ± 9 3 0.030
S. Aksai Range, China 17 1943 1488 4993 3065 46.2 21 2 ± 2 3 0.088
S. Alkyonides, Greece 13 1366 816 1366 0 58.2 499 41 ± 27 1 0.032
Scurcola Fault, Italy 3 501 271 1444 848 41.3 886 72 ± 21 3 0.090
Trassaco Fault, Italy 5.7 892 585 1970 988 24.1 933 78 ± 32 3 0.084
Valdobbiadene, Alps, Italy 7 1579 1076 1754 269 40.0 1235 104 ± 28 3 0.154
W. Humboldt Range, NV 13 1410 984 2975 1494 55.4 181 16 ± 5 5 0.076
White Mtns, CA 20 2841 1807 4330 1383 190.8 247 20 ± 6 5 0.082
Zagros KSD fold, Iran 17 1333 1001 3190 1629 80.0 359 27 ± 33 2 0.059
Zarrinabad fold, Iran 7.3 1261 842 1630 356 54.2 433 36 ± 38 2 0.112
Table 2: Topographic, climatic, and lithologic variables for each range
* Precip. = precipitation; Lith. = lithologic
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Table 1.3 Pearson correlation matrix for all ranges. 
 
 
Table 1.4 Pearson correlation matrix for Tier 1 ranges. 
  
Disp. 
Rate* Tip Zone
Vertical 
disp.* Age
Max 
relief
Uniform 
relief
Max 
elev.*
Trace 
Length
Annual 
precip.*
Tip zone 
gradient
Lithology 
strength 
ranking**
Slip rate 0.98 -0.51 -0.37 -0.53 -0.48 -0.53 -0.55 -0.26 0.64 0.05 -0.76
P-value 0.000 0.015 0.091 0.010 0.024 0.010 0.008 0.239 0.001 0.812 0.000
Disp. Rate* -0.55 -0.38 -0.55 -0.49 -0.56 -0.58 -0.32 0.67 0.11 -0.64
P-value 0.008 0.082 0.008 0.019 0.007 0.005 0.153 0.001 0.642 0.001
Tip zone 0.53 0.52 0.74 0.70 0.75 0.80 -0.29 -0.19 0.61
P-value 0.035 0.064 0.000 0.001 0.000 0.000 0.193 0.419 0.003
Vertical disp. 0.77 0.52 0.64 0.69 0.45 -0.49 -0.13 0.64
P-value 0.000 0.014 0.001 0.000 0.036 0.020 0.556 0.001
Age 0.56 0.61 0.69 0.31 -0.51 -0.10 0.89
P-value 0.007 0.002 0.000 0.162 0.016 0.671 0.000
Max relief 0.85 0.88 0.46 -0.08 0.12 0.73
P-value 0.000 0.000 0.031 0.709 0.609 0.000
Uniform relief 0.92 0.49 -0.39 0.28 0.66
P-value 0.000 0.020 0.070 0.206 0.001
Max elevation 0.52 -0.35 0.06 0.71
P-value 0.012 0.115 0.776 0.000
Trace Length -0.15 -0.23 0.49
P-value 0.492 0.300 0.020
Annual precip. 0.18 -0.27
P-value 0.415 0.216
Tip zone gradient 0.20
P-value 0.381
** Spearman nonparametric correlation values for lithologic robustness.
Table 3. Pearson correlation matrix for Tier 1 ranges.  Bold values are those discussed in text.
* disp. = displacement; elev. = elevation; precip. = precipitation
Disp. 
Rate* Tip Zone
Vertical 
disp.* Age
Max 
relief
Uniform 
relief
Max 
elev.*
Trace 
Length
Annual 
precip.*
Tip zone 
gradient
Lithology 
strength 
ranking**
Slip rate 0.97 -0.31 -0.13 -0.48 -0.23 -0.21 -0.36 -0.20 0.62 -0.02 -0.59
P-value 0.000 0.043 0.408 0.002 0.146 0.184 0.023 0.214 0.000 0.887 0.000
Disp. Rate* -0.36 -0.13 -0.51 -0.26 -0.24 -0.41 -0.21 0.64 -0.02 -0.52
P-value 0.019 0.414 0.001 0.103 0.130 0.008 0.190 0.000 0.887 0.000
Tip zone 0.41 0.44 0.72 0.73 0.71 0.80 -0.29 -0.18 0.49
P-value 0.006 0.003 0.000 0.000 0.000 0.000 0.068 0.237 0.001
Vertical disp. 0.38 0.56 0.52 0.55 0.56 -0.25 -0.17 0.46
P-value 0.016 0.000 0.000 0.000 0.000 0.117 0.276 0.003
Age 0.53 0.58 0.59 0.27 -0.47 -0.04 0.79
P-value 0.000 0.000 0.000 0.092 0.002 0.806 0.000
Max relief 0.93 0.83 0.60 -0.09 0.08 0.64
P-value 0.000 0.000 0.000 0.596 0.613 0.000
Uniform relief 0.80 0.60 -0.23 0.11 0.60
P-value 0.000 0.000 0.146 0.481 0.000
Max elevation 0.56 -0.36 0.06 0.70
P-value 0.000 0.022 0.712 0.000
Trace Length -0.14 -0.28 0.39
P-value 0.367 0.081 0.011
Annual precip. 0.25 -0.34
P-value 0.113 0.031
Tip zone gradient 0.29
P-value 0.065
Table 4. Pearson correlation matrix for all ranges.  Bold values are those discussed in text.
* disp. = displacement; elev. = elevation; precip. = precipitation
** Spearman nonparametric correlation values for lithologic robustness.
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CHAPTER 2: GEOMORPHIC EVIDENCE FOR ENHANCED PLIO-
QUATERNARY FAULTING IN THE NORTHWESTERN BASIN AND RANGE
2
 
INTRODUCTION 
The western North American plate margin exemplifies diffuse deformation across a 
dynamic tectonic boundary. During the late Cenozoic, this tectonic boundary has evolved from a 
subduction zone to a transform margin, resulting in right-lateral strike-slip motion along the San 
Andreas fault system (Atwater, 1970; Stewart and Crowell, 1992), distributed shear in the 
Walker Lane belt (Henry et al., 2007), and widespread extension across the Basin and Range 
Province (Atwater, 1970; Faulds et al., 2005; Stewart, 1971; Wernicke, 1992). Stretching from 
the Sierra Nevada Mountains in the west to the Wasatch Range in the east, the U.S. Basin and 
Range is characterized by footwall mountain ranges and hanging-wall grabens (basins) that are 
accommodating roughly east-to-west extension (Fig. 2.1A; Wernicke, 1992). Although most of 
the ranges are similar in form (Ellis et al., 1999), they have evolved from normal faults with 
significant spatiotemporal variations in displacement and slip rate (Wallace, 1987). Despite 
recent contributions to the nature of active extension in the Basin and Range (Colgan, 2013; 
Frankel et al., 2011; Gorynski et al., 2013; Lifton et al., 2013), detailed information on the 
evolution of individual fault systems remains sparse. This may, in part, be because Plio-
Quaternary changes in fault slip are challenging to identify and often poorly resolved with 
commonly applied techniques like thermochronology that have a temporal resolution of 10
6
-10
7
 
                                                 
2
 The original citation for this chapter is: Ellis, M. A., Barnes, J. B., and Colgan, J. P., 2015, 
Geomorphic evidence for enhanced Pliocene–Quaternary faulting in the northwestern Basin and 
Range: Lithosphere, v. 7, no. 1, p. 59-72, doi:10.1130/L401.1. 
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years. Thus, it remains common to rely on fault plane trenching, seismicity, and geodetics, which 
have temporal resolutions of 10
0
-10
4
 years, to identify active faults, estimate their current 
motion, and assess their seismic hazard potential (Hemphill-Haley et al., 2000; Personius and 
Mahan, 2005). Even with all these methods combined, there remains a gap in my ability to 
resolve fault slip at the critical timescales of ~10
5
-10
6
 years. An emerging approach that may 
help address this shortcoming is to investigate channel morphologies for clues of past base level 
changes caused by tectonic and/or climatic perturbations (Kirby and Whipple, 2012; Whittaker, 
2012). I hypothesize that by combining quantitative analysis of landforms modified by evolving 
tectonics with more established techniques, I may be able to resolve more complete normal fault 
slip histories across timescales. 
Most of the northern Basin and Range Province underwent a period of rapid extension 
beginning ~17-15 Ma (Fig. 2.1; Colgan and Henry, 2009; Miller et al., 1999; Snow and 
Wernicke, 2000; Stockli, 2005; Stockli et al., 2002). The northwestern Nevada Basin and Range 
is an exception, remaining relatively undeformed until the late Miocene (~12 Ma). This late 
Miocene and younger extension took place on widely-spaced, high angle normal faults that 
accommodated less extension than the closely-spaced imbricate fault systems and detachment 
faults found in the Basin and Range to the south and east (Colgan et al., 2006b). Interestingly, a 
Pliocene (~3-4 Ma) increase in extension rate has been documented in several places along the 
western margin of the Basin and Range (Colgan et al., 2008; Henry and Perkins, 2001; Stockli et 
al., 2003). These observations beg the questions: How widespread is this rejuvenation? Why is it 
happening? And does it represent slip cessation and renewal or just a change in the rate of 
ongoing slip? 
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The purpose of this study is to use footwall catchment morphologies in the U.S. Basin 
and Range to augment existing constraints on normal fault slip histories. I present new 
geomorphic observations from three ranges in northwestern Nevada: the Pine Forest Range, the 
Jackson Mountains, and the Santa Rosa Range (Fig. 2.1). Each range was unroofed along a 
major range-bounding normal fault system, making them good candidates for investigating the 
relationships between fault slip and footwall morphology (after Densmore et al 2004; Habor, 
1997). Thermochronology data show that these tilted, half-graben footwall blocks were exhumed 
during slip on initially high-angle normal faults beginning in the middle-to-late Miocene (~12-11 
Ma; Colgan et al., 2006b). My combined field observations, topographic analysis, and knickpoint 
migration modeling suggest increased fault motion beginning in the Plio-Quaternary (~5-0.1 
Ma). My results provide new insights to help characterize Basin and Range faulting histories, 
with implications for utilizing this approach to improve our understanding of how plate margins 
accommodate stresses through evolving patterns of deformation. 
Background: Tectonic Geomorphology 
Active mountain landscapes reflect a dynamic feedback system between tectonic 
processes that raise Earth’s surface and erosion processes that lower it (Montgomery and 
Brandon, 2002; Schmidt and Montgomery, 1995). Channel incision into rock sets the lower 
boundary condition for hillslopes, thus dictating the texture and relief structure of the uplifting 
topography (Whipple and Tucker, 1999). A river in equilibrium with its environment has a 
smooth, concave-up longitudinal profile where slope decreases systematically with the 
downstream increase in contributing drainage area (Hack, 1973; Whipple, 2001). Following a 
change in tectonic or climatic circumstances, streams respond by adjusting their form to reach a 
new equilibrium condition (Bonnet and Crave, 2003; Tucker and Whipple, 2002). During this 
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transient adjustment phase, rivers possess significant localized convexities, called knickpoints (or 
knickzones), within their profiles that initiate at local base level and migrate upstream as a 
kinematic wave (Rosenbloom and Anderson, 1994). As knickpoints move upstream, they 
separate the lower, transient (“adjusting”) portion of the landscape from an upper, relict portion 
that retains the equilibrium form from the previous conditions (e.g. Clark et al., 2005; Gallen et 
al., 2013). Geomorphic traits of the relict portion can be used to reconstruct the paleo-landscape 
form because it remains disconnected from the new conditions until the migrating knickpoint 
reaches it. Thus, the analysis of channel gradient indices (normalized steepness [ksn], concavity 
[θ]) and identification of knickpoints is becoming an increasingly valuable tool for inferring 
tectonic patterns and their changes from eroding topographies (Kirby and Whipple, 2012; 
Whittaker et al., 2008; Wobus et al., 2006a). 
Landscapes in steady state possess relationships between their form and the patterns and 
rates of rock uplift and erosion. For example, fluvial incision models and empirical evidence 
indicate that uplift rates scale with steady-state channel gradients, such that channels steepen 
with increased uplift rate (Whipple, 2004). The exact scaling between channel gradient and uplift 
depends on rock strength, dominant erosion processes, and frequency and magnitude of runoff 
(Lague et al., 2005). In areas of active extension, increased fault motion results in enhanced 
footwall rock uplift and contemporaneous lowering of local base level in the adjacent hanging 
wall basin. Here, footwall channels strive to maintain equilibrium by steepening, causing an 
increase in erosion rate. Although channel steepness is not a direct measure of uplift rate, it is 
useful for identifying patterns of rock uplift (Cyr et al., 2010) despite the fact that the relative 
impacts of climate and lithology on such a relationship can vary across regions (e.g. Clarke and 
Burbank, 2011; Stark et al., 2010). In areas where climate and substrate erodibility do not vary 
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much, such as within individual footwall ranges, observed patterns in channel form can be 
symptomatic of sustained tectonic forcing (Cyr et al., 2010; Harkins et al., 2007; Kirby et al., 
2010; Whittaker, 2012). 
SETTING 
Study Area 
I focus on landscapes responding to active extension along three N-S trending normal 
fault arrays with primarily dip slip motion in northwestern Nevada (Fig. 2.1): The Pine Forest 
Range, the Santa Rosa Range, and the Jackson Mountains. These ranges lie within ~75 km of 
each other and are composed of Paleozoic-to-Mesozoic metasedimentary rocks intruded by 
Mesozoic plutons. Geologic data show that these pre-Tertiary basement rocks are unconformably 
overlain by Eocene to Miocene volcanic rocks that constrain total fault displacement and place 
upper-bounds on the age of fault initiation (Fig. 2.1A; Colgan et al., 2006b; Noble et al., 1970; 
Quinn et al., 1997; Wyld, 1996). The Pine Forest Range is bounded by an east-dipping, 50 km-
long fault system with a maximum of ~7 km total dip slip and capped by a conformable 
sequence of 30 – 16 Myr old volcanic rocks tilted up to 30 to the west (Colgan et al., 2006a; 
Colgan et al., 2006b). The Santa Rosa Range is bounded by a 60 km-long, west-dipping fault 
system with up to ~8 km of total dip slip; overlying volcanic rocks are tilted ~15 east and are 
17-15 Myrs old (Fig. 2.1B; Brueseke et al., 2008; Colgan et al., 2006b). Paleoseismic and 
luminescence data from the southern Santa Rosa Range yield low slip rates (~0.1 mm/yr 
averaged over ~400 ka) and an elapsed time of 11-16 k.y. since the last earthquake (Personius 
and Mahan, 2005). The major west-dipping, range-bounding fault system in the Jackson 
Mountains is 70-km long, with a maximum of ~7 km total dip slip with overlying volcanics in 
the northern part of the range that are ~15 Ma (Fig. 2.1C; Castor and Henry, 2000; Colgan et al., 
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2006b; Quinn et al., 1997). The Pine Forest and Santa Rosa range bounding faults currently dip 
35-40 and are inferred to have originally dipped 50-55 based on horizontal restoration of the 
Tertiary unconformities (Colgan et al., 2006a; Colgan et al., 2004). The Jackson Mountains 
range bounding fault is not exposed, but is inferred to be ~40 assuming consistency with the 
nearby Pine Forest and Santa Rosa Ranges (Colgan et al., 2006b). All three range fronts show 
some degree of past fault segmentation based on the topography of the fault traces, but there is 
no evidence that the segments are behaving individually any longer (i.e. anomalous topographic 
highs, structural ramps, or underdisplaced sections) and I believe them to be past the point of 
segment interaction. 
Apatite thermochronology 
Apatite fission track (AFT) and (U-Th)/He (AHe) thermochronology can constrain rock 
cooling histories in the upper ~2-5 km of crust through age determinations from the temperature-
dependent retention of radiogenic decay products (Reiners and Ehlers, 2005). AFT ages are 
completely reset to zero at temperatures >~110-135°C and partially reset due to track shortening 
at temperatures between ~60-110°C, called the Partial Annealing Zone (PAZ; e.g. Dumitru, 
2000; Green et al., 1989); AHe ages are completely reset to zero at temperatures >~65-80°C and 
partially reset due to partial 
4
He loss between ~40-80°C, termed the Partial Retention Zone 
(PRZ; e.g. Wolf et al., 1998). The base of the PAZ and PRZ can mark the onset of rapid 
exhumation, and, along with careful structural control, thermochronologic sample cooling age 
patterns from an unroofed footwall can be directly related to slip on the bounding fault (Stockli, 
2005). I chose the three northwestern Nevada ranges because existing apatite thermochronology 
data document their exhumation and faulting histories (Figs. 2.1, 2.2; data from Colgan et al, 
2006b). Faulting in the Pine Forest Range began 12-11 Ma at a slip rate of 0.3-0.8 km/Myr 
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(exhumation rate of 0.3-0.5 km/Myr; Fig. 2.2). The youngest AHe age is ~4 Ma, indicating ~2 
km of exhumation (equivalent to cooling from ~65ºC) since that time (Colgan et al., 2006b). 
Faulting in the Santa Rosa Range also began 12-11 Ma at a slip rate of 0.4-0.8 km/Myr 
(exhumation rate of 0.3-0.5 km/Myr; Fig. 2.2). The youngest AFT age (AHe dates from the 
Santa Rosa Range are problematic) is 6.4 Ma, indicating ~3 km of exhumation (equivalent to 
cooling from ~110ºC) since that time (Colgan et al., 2006b). The initiation and duration of 
faulting in the Jackson Mountains are less well-constrained, but Colgan et al. (2006b) reported 
AFT and AHe ages of 12 and 7 Ma, respectively (Fig. 2.2), from one sample near the range-front 
fault, which they argued indicated a similar late Miocene age for faulting as the nearby Pine 
Forest Range. 
Climate 
The Great Basin region is generally interpreted to have been a broad highland (the 
‘Nevadaplano’) in late Eocene-to-Oligocene time (ca. 40-30 Ma, Chamberlain et al., 2012; 
DeCelles, 2004). Prior to the mid-Miocene decrease in mean elevations associated with the 
development of modern Basin and Range topography, the Sierra Nevada was already a major 
orographic barrier (elevation >2 km), blocking air masses and thus precipitation from reaching 
the Great Basin (Cassel et al., 2012; Horton et al., 2004; Poage and Chamberlain, 2002). This 
suggests that the 1
st
-order climate state was established by the mid-Miocene in my study area. 
The three ranges have never been glaciated and the only modern variations in climate are from 
local, relief-enhanced precipitation that are minor (Ehlers and Gibbard, 2007; Horton et al., 
2004). Oxygen isotope and paleobotanical records document a global shift to a cooler climate 
and enhanced climate variability in the late Cenozoic (~3 Ma; Molnar and England, 1990; 
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Shackleton et al., 1984) that could increase erosion (Zhang et al., 2001) and possibly facilitate 
channel adjustment in Basin and Range footwalls.  
Plio-Pleistocene climate cycling caused repeated periods of pluvial lake development 
throughout the study area. Paleo-lake Lahontan once occupied every basin in northwestern 
Nevada; the last and largest highstand occurred ~13 ka when water levels just reached the range 
fronts in my study area (~1330 m; Morrison, 1991; Reheis, 1999a; Reheis, 1999b). Since that 
time the lakes have become progressively smaller, indicative of higher Pleistocene precipitation 
and a long-term drying trend from the Pleistocene to the present (Reheis, 1999a; Reheis, 1999b). 
The pluvial lakes in the Great Basin have always been internally drained and there is no evidence 
in the sedimentary record for any removal of mass from the regional basin system (Morrison, 
1991). Given this collective information, I choose to assume that tectonics are the dominant force 
affecting local base level fall and footwall landscape development in the Basin and Range since 
the mid-Miocene because (a) the relief-enhanced climate gradients are rather minor (~30-40 
cm/yr variation across ranges; Daly et al., 2008), and (b) mid-Miocene to recent climate 
fluctuations are likely subordinate to tectonic-based forcing at the individual range scale (after 
Densmore et al., 2004; Harbor, 1997; Whipple and Trayler, 1996). 
METHODS 
Field data 
Lithologic qualities such as composition, fracture density and characteristics, and rock 
strength exert first order controls on channel morphology, erodibility, and incision (Allen et al., 
2013; Clarke and Burbank, 2011; Montgomery and Gran, 2001; Sklar and Dietrich, 2001). I 
quantified intact rock strength using a type N Schmidt Hammer, a spring-loaded device that 
measures “rebound” values that scale with laboratory-based measurements of unconfined rock 
50 
 
strength (Goudie, 2006; Selby, 1993). I collected rock strength data at 8 sites across the ranges: 6 
in Cretaceous granite and 2 in Paleozoic metasedimentary rocks (triangles, Fig. 2.1B-D). I took 
40+ measurements at each site and report the mean and standard deviation. I observed fracture 
presence and characteristics (orientations, degree of mineralization) in the field and concluded 
that they are uncommon and invariant across the region and hence not likely a controlling factor 
of erodibility in this region. 
Topographic analysis 
Hillslopes 
Hillslope gradients can correlate with denudation rates across various mountain settings 
(Binnie et al., 2007; Harrison, 2000). In active orogens, denudation rates are high but variable 
because more efficient, erosional processes like mass wasting become dominant above a critical 
hillslope threshold (~30°; Binnie et al., 2007; Burbank et al., 1996; Montgomery and Brandon, 
2002). I calculated hillslope angles using ArcGIS (v. 10) and the 10-m National Elevation 
Dataset (NED) Digital Elevation Model (DEM, Gesch, 2007; Gesch et al., 2002) throughout the 
main, uplifting footwall catchments; I also measured hillslope angles in the field using a 
handheld laser range finder at 30 sites from all 3 ranges (Table A3.2) to validate my DEM-based 
measurements. 
Channel profiles 
Topographic relief is set by bedrock rivers that carve valleys between interfluves. The 
shape of a graded, or equilibrium, river profile is well-described by Flint’s Law, a power-law 
relationship between local channel slope (S) and upstream drainage area (A): 
S = ksA
-θ
   (1) 
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where ks is the steepness index and θ is the concavity index (Flint, 1974). The concavity index is 
determined by fitting a power-law relationship to slope-area data from the equilibrium channel 
reaches, variables easily measured from a DEM (Wobus et al., 2006a). It is common to calculate 
a regional mean concavity index as a reference (θref), which allows for the determination of a 
normalized steepness index (ksn, in units of m
1-2θ
/yr) that can then be compared across channel 
segments with varying drainage area and concavity as follows: 
ksn = SA
θref  
(2) 
Quantifying bedrock river variations with normalized steepness is a common approach 
for inferring patterns of active tectonics across uplifting landscapes (Cyr et al., 2010; Harkins et 
al., 2007; Kirby and Whipple, 2012; Wobus et al., 2006b). I analyzed all channels traversing the 
range front faults that have >1 km
2
 drainage area and/or reach the divide (Fig. 1.3). I used the 10-
m NED DEM and codes written in R programming language (version 2.13.1) to conduct the 
analysis. I smoothed the profile data by resampling the raw elevation data at equal vertical 
intervals using the contour interval from the original data source (12.192 m [40 ft]; methods after 
Wobus et al., 2006a). I examined all channel profiles and slope-area data to identify knickpoints, 
which I define as significant convexities in the profile accompanied by a distinct change in 
channel gradient (“slope-break” knickpoints, e.g. Fig. 2.4; Haviv et al., 2010). I calculated θref as 
the mean concavity of the equilibrium (upstream) segments, here θref = 0.51. I then calculated (1) 
ksn along the entire channel reach and (2) a mean ksn for each segment separated by the 
knickpoint. I next consulted existing geologic maps (Colgan et al., 2006a; Crafford, 2010; Quinn 
et al., 1997) and the GIS-based flow accumulation grid to identify knickpoints coincident with 
sharp changes in rock type and/or contributing drainage area. I assumed all knickpoints 
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associated with such features to be static effects of them, and all others to be migratory in nature 
(e.g. Crosby and Whipple, 2006; Miller et al., 2012). 
Channel morphology models show that enhanced incision occurs in response to a change 
in rock uplift rate facilitated by the upstream migration of knickpoints (Kirby and Whipple, 
2012; Rosenbloom and Anderson, 1994). Thus, migratory knickpoints are useful for estimating 
paleotopography because the relict landscape above them preserves characteristics of the 
previous equilibrium condition. For every river with a migratory knickpoint, I used the upstream, 
relict reach of the long profile to extend the paleo-equilibrium channel by extrapolating ksn and 
θref values out to the projected modern fault plane (Fig. 2.3, methods of Gallen et al., 2013; Kirby 
and Whipple, 2012). This allowed us to estimate catchment paleo-relief and the relative increase 
in catchment relief, equivalent to the total amount of channel incision below the relict landscape 
since the knickpoints formed (Δr in Fig. 2.4). Note I use “paleo-relief” to mean fault-related 
relief that predates knickpoint formation, not relief that pre-dates faulting. The time between 
when a knickpoint enters a catchment and travels to its observed position is equivalent to the 
time required to erode the missing rock volume from the portion of the landscape below the 
knickpoint (Fig. 2.5). I estimated knickpoint initiation timing by using a volume-for-time 
substitution: 
tk = (V/A)E
-1
  (3) 
where tk is the time since knickpoint initiation, V is the volume of rock below the knickpoint 
elevation, A is the drainage area below the knickpoint, and E is the basin-averaged erosion rate 
(after Gallen et al., 2013; Norton et al., 2008). I computed the maximum possible rock volume 
eroded by calculating the volume between the modern basin topography and (1) a sloping surface 
across the modern catchment boundaries, (2) a horizontal surface at the observed knickpoint 
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elevation, and (3) then determining the overlap between the two volumes (Fig. 2.5B, Fig. A3.1; 
full details in Appendix 3). 
Existing data sets provide bounds on erosion rates for northwestern Basin and Range 
topography spanning multiple timescales. Low-temperature thermochronology provides first-
order estimates on long-term (m.y.) erosion rates, because AHe ages record the time since a rock 
cooled through 40-80°C (Clark et al., 2005; Farley, 2002). In detail, erosion is the surficial 
removal of mass and exhumation is rock unroofing (England and Molnar, 1990; Ring et al., 
1999). Often considered equivalent, I note that discrepancies between erosion and exhumation 
rates can arise due to footwall tilting and variations in subsurface heat flow (Ehlers et al., 2001; 
Ehlers and Farley, 2003). I use a range of 300-500 mm/kyr for erosion rate (based on the 
exhumation rates of 0.3-0.5 km/Myr, Fig. 2.2), but consider these values to be near maximum 
estimates because exhumation rates from 1D age-paleodepth relationships can overestimate 
surface erosion rates by 10-40% in normal fault settings (Ehlers et al., 2001). Cosmogenic 
10
Be 
data from footwalls elsewhere in the Basin and Range (Wassuk Range in Nevada, Inyo Range in 
California, and Stillwater Range in Idaho) with similar climate, lithologies, and morphologies 
provide shorter-term (10
4
 yr) estimates of basin-averaged erosion rates: ~9 – 100 mm/kyr for the 
upper, low gradient channel reaches and 100 – >750 mm/kyr for the lower, steep reaches 
(Densmore et al., 2009; Kirby and Whipple, 2012). Conservatively, I used a range of 1 – 700 
mm/kyr for erosion rate in equation (3) to calculate the time required to erode the volume of rock 
from below the knickpoints. I included 700 mm/kyr as the upper bound to explore this high rate 
possibility, but consider it unlikely because it exceeds the locally measured exhumation rates. 
 
 
54 
 
Knickpoint celerity (migration) model 
I simulated the velocity, migration and spatial distribution of knickpoints throughout the 
ranges using a generic knickpoint celerity model. I did this to test my assumptions that the 
migratory knickpoints are genetically related and have moved upstream from the range front to 
their current positions. Another goal in modeling the knickpoints is to corroborate my estimates 
for the timing of knickpoint initiation and evaluate whether  associated migration rates are 
reasonable compared to existing estimates (Loget and Van Den Driessche, 2009). Knickpoint 
migration can be described by wave speed, or celerity, and is derived from the detachment-
limited stream power incision model that assumes a linear relationship between slope and 
erosion rate (Rosenbloom and Anderson, 1994; Whipple and Tucker, 1999). Based on this 
derivation and previous work (Berlin and Anderson, 2007; Crosby and Whipple, 2006; Gallen et 
al., 2013), the rate of knickpoint propagation can be quantified as a power law function of 
drainage area: 
dx/dt = CA
p
   (4) 
where dx/dt is the lateral upstream knickpoint migration rate in m/yr, C is a dimensional 
coefficient of erodibility in units of m
(1-2p)
/yr, A is upstream drainage area in m
2
, and p is a 
nondimensional constant for power-law dependence on drainage area (Crosby and Whipple, 
2006). At each channel pixel in the DEM, I extracted the flow length and upstream drainage 
area. Using these data, a simulated knickpoint starts at the channel mouth (the range front), 
traveling upstream and mimicking a pulse of transient incision in response to a change in base 
level. I employed a brute-force, two-parameter search to find the C and p parameters that 
minimize the misfit between observed and modeled knickpoint positions within each channel 
(after Berlin and Anderson, 2007; Crosby and Whipple, 2006; Gallen et al., 2013). For each of 
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seven possible knickpoint initiation times since faulting began ca. 12 Ma (11, 9, 7, 5, 3, 1, 0.5 
Ma), I modeled 4800 possible combinations of p and C; I varied p (nondimensional) from 0.3 to 
10.5 in 16 increments of 0.05 and C (in m
(1-2p)
/yr) from 10
-12
 to 10
-4
 in 300 logarithmic 
increments. Knickpoints are modeled as initiating at all three range fronts simultaneously to 
mimic a regional forcing. I then calculated the misfit between the modeled and observed 
knickpoints to resolve the best-fitting parameters (detailed in Appendix 3; Berlin and Anderson, 
2007). 
RESULTS 
Field data 
Mean rebound values for rocks exposed throughout the three footwalls range from 43.5 to 
71.9 (Fig. 2.6; Table 2.2). There is high variability in both the granites and the metamorphic 
rocks: rebound values on granite range from 46.5 – 71.9 and on metamorphic rocks from 43.5 – 
51.5. The highest value comes from a stream abraded, unweathered granite outcrop in the Santa 
Rosa Range, compared to other localities that possessed some surface weathering and lower 
rebound values. Although the granitic rocks tend to yield higher rebound values, there is no 
significant difference in values between the two lithologies within error, defined here and 
throughout the paper as one standard deviation (x̅granite = 60.7 ± 9.6; x̅metamorphic = 47.5 ± 5.6). 
Furthermore, knickpoints are rarely observed at lithologic boundaries in the ranges. In 
conclusion, I see no quantifiable difference in lithology-based rock erodibility. 
Topographic analysis 
Hillslopes 
Topographic analysis shows that hillslopes are steeper below the knickpoints compared 
to above them (Fig. 2.7). In the Pine Forest Range mean hillslope angles are x̅above = 16° and 
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x̅below = 24°. In the Jackson Mountains they are x̅above = 23°, x̅below = 30°; the Santa Rosa Range 
they are x̅above = 25°, x̅below = 28°. Field-based measurements spanning all ranges show an 
identical pattern with a mean value of 20° above and 29 below (Table A3.2). These data show 
that there is consistently a 6-9° difference between mean hillslopes above versus below the 
knickpoints. The contrast between slope distributions for hillslopes above versus below the 
knickpoints suggests a contrast in erosion rates. Erosion rates increase with steeper hillslopes up 
to a threshold angle of ~30-35° at which point erosion rate is controlled by frequency of 
landsliding (Binnie et al., 2007; Ouimet et al., 2009). Below the knickpoints, which I interpret as 
transient portions of the channels, the corresponding hillslopes approach threshold angles, 
whereas hillslopes above the knickpoints do not. 
Knickpoints and steepness patterns 
I analyzed channel profiles from 57 catchments that occupy various along-strike positions 
within the footwalls adjacent to the three active fault systems (Fig. 2.3; see Table A3.1 for 
complete results). Catchment drainage areas range in size from 0.7 to 59.7 km
2
. Catchments from 
the Santa Rosa Range are substantially larger relative to the others (mean area is 16.8, 6.6, and 
8.8 km
2
 for the Santa Rosa, Jackson Mountains, and Pine Forest, respectively), which is due to 
the relative widths of the fault blocks (Densmore et al., 2005). I found 39 knickpoints at similar 
elevations across 34 different catchments that are not associated with sharp changes in lithology 
or drainage area (e.g. tributary junctions; circles in Fig. 2.3, Table 2.1). Multiple knickpoints 
within a single catchment signify two main channels, each with a knickpoint at approximately 
the same elevation. Specifically, I observed 17 knickpoints in 15 (of 22 total) catchments with a 
mean elevation of 1847 ± 133 m in the Pine Forest Range (Fig. 2.3A), 14 knickpoints in 12 (of 
23 total) catchments with a mean elevation of 1918 ± 103 m in the Jackson Mountains (Fig. 
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2.3B), and 8 knickpoints in 7 catchments (of 12 total) with a mean elevation of 2026 ± 148 m in 
the Santa Rosa Range (Fig. 2.3C). Catchments that do not possess this primary migratory 
knickpoint do so for one of the following reasons: (1) the channel head elevation is below the 
observed knickpoint elevation range of ~1950 m (n = 13); (2) there is a knickpoint at an 
identifiable heterogeneity such as a lithologic contact (n = 4) or tributary junction (n = 1; 
triangles in Fig. 2.3); or (3) there was no identifiable knickpoint observed (n = 6) at my data 
resolution (gray channels, Fig. 2.3). Two knickpoints coincident with changes in rock type (of 4 
total) are also within the elevation range of the main observed knickpoint population, thus 
determining the static vs. migratory nature of these knickpoints is ambiguous. The catchments 
without knickpoints also possess the smallest upstream drainage areas (<6 km
2
), lowest 
catchment-scale relief (average of ~525 m), and tend to be near the fault tips (Fig. 2.3, Table 
A3.1).  
The knickpoints divide the channels into two distinct segments (Figs. 2.3, 2.4). The upper 
reaches above the knickpoints have low steepness (mean ksn = 182 ± 68) compared to the lower 
reaches with high steepness (mean ksn = 361 ± 84; Fig. 2.3). Within individual channels, the 
lower segments are typically 1.5 to 4 times steeper than the upper segments (e.g. Fig. 2.4, Table 
2.1). The knickpoints also coincide with steeper hillslopes (mean 24-30° vs. 16-25°; see above). 
Catchments without migratory knickpoints have intermediate steepness (mean ksn of 247 ± 82) 
and their hillslopes approach high values (~25°). 
Paleo-profile reconstructions, base level change, and incision volumes 
Channel paleo-profile reconstructions show 20 to 512 m of relief generation since the 
knickpoints entered the footwall catchments (e.g. Δr in Fig. 2.4, Table 2.1). The highest 
estimates for relief enhancement are from streams draining catchments near the range centers, 
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whereas the lowest estimates tend to be near the tips (Table 2.1, Fig. 2.10). There is no 
relationship between the estimated magnitude of increased relief and drainage area. Despite the 
wide variability of these relief estimates, the mean value of new relief calculated for each of the 
three ranges is remarkably similar (221 m, 220 m, and 223 m, in Pine Forest, Jackson Mountains, 
and Santa Rosa respectively), suggesting a similar amount of base level fall across the study 
area. 
The volume of eroded rock from below the knickpoints ranges from 0.06 – 1.2 km3 
(mean = 0.5 km
3
). I used a range of erosion rates to back-calculate the timing of knickpoint 
initiation (Fig. 2.5): if a catchment eroded more slowly, it would take longer to remove the 
volume of rock below the knickpoint. If the catchments eroded at an average rate of 30 mm/kyr, 
a minimum value relative to observed basin-averaged erosion rates in the U.S. Basin and Range, 
then the knickpoints were generated between 5-1 Ma (Fig. 2.5C). A catchment-averaged erosion 
rate equivalent to long-term exhumation rates (~300-500 mm/kyr) requires knickpoint formation 
≥0.1 Ma. Therefore, my volume-for-time substitution results require knickpoint initiation 
between 5 and ≥0.1 Ma. 
Knickpoint migration model results 
My knickpoint modeling results show a strong match between predicted and observed 
knickpoint locations across all 39 knickpoints within the 3 ranges, which were modeled to 
initiate simultaneously (e.g. Fig. 2.8, Fig. 2.9B). The best-fitting p parameter is consistently 0.45 
and the C parameter varies with knickpoint initiation timing, but ranges from 4x10
-5
 to 8x10
-7
 
m
0.9
/yr. The lowest misfits between the observed and modeled knickpoint locations are for 
knickpoints initiating between 5 and 1 Ma (Fig. 2.9A; A3.2), but all model runs predicted the 
observed knickpoint locations with ~1% difference in least sum of squared misfits (LSS). 
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However, because the concomitant best-fit values for C are quite variable, they also result in 
varying knickpoint migration velocities (see equation 3). Knickpoint migration velocities for all 
knickpoint initiation times explored (11 – 0.5 Ma) span from ~0.2 to 100 mm/yr. Knickpoints 
that initiated between 5 and 1 Ma (the lowest LSS result) require migration rates of 0.5 - 10 
mm/yr (Fig. 2.9A). For example, predicted vs. observed knickpoint locations match extremely 
well (R
2
 = 0.85; Fig. 2.9B) for an initiation age of 3 Ma and a migration rate of 1.5 mm/yr. 
Assuming all transient knickpoints initiated at the range front simultaneously and traveled 
upstream as migratory features, my model achieves the lowest misfits for initiation ages between 
5 and 1 Ma. However, a wide range of parameters provides good fits and thus more thorough 
constraints on erosion rates are required to confirm this timeframe for knickpoint initiation. 
DISCUSSION 
Channel patterns caused by a change in fault slip 
There are several possible explanations for my observed channel profile knickpoints and 
associated steepness patterns. Static knickpoints are associated with distinct, observable geologic 
phenomena such as faults, landslide deposits, lithologic boundaries, or tributary junctions 
(Duvall et al., 2004; Korup, 2006; Walsh et al., 2012). This is not the case for the main 
population of transient knickpoints (n = 39) since I eliminated those possibilities. Furthermore, 
channels with static knickpoints tend to have peaks in slope on a slope-area plot at the 
heterogeneity locale rather than a distinct and persistent change in channel slope as I observe (i.e. 
“vertical-step” vs. “slope-break” knickpoints; see discussion in Kirby & Whipple, 2012). The 
segmented nature of the channel steepness patterns I find further indicate that they are in a 
transient state of adjustment to a change in base level. The knickpoints separate upper, relict 
reaches with low hillslope relief from downstream reaches with 1.5-4x greater steepness and 
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hillslopes that are 6-9° steeper and near threshold values for the onset of landsliding (e.g. Binnie 
et al., 2007). Furthermore, the knickpoints are located within relatively narrow altitudinal bands 
consistent with streams responding to a uniform, sustained forcing such as a change in fault slip 
rate. The few channels without knickpoints, in contrast, resemble the downstream, adjusted 
portions of the streams with migratory knickpoints. When considered in conjunction with their 
drainage area, relief, and geographic positions, it appears that if a knickpoint had formed in these 
channels, they have now fully adjusted to the current conditions. These collective observations, 
combined with my geomorphic analyses and assumptions about the negligible role of climate, 
lead us to interpret the main suite of knickpoints to be migrating features that initiated ~5 – 0.1 
Ma as the result of a sustained change in fault slip rate. 
Modeling and theoretical studies suggest that the vertical rate of knickpoint propagation 
is a function of rock uplift rates relative to local base level, with higher rates producing higher 
elevation knickpoints in a given time (Attal et al., 2008; Niemann et al., 2001; Whittaker, 2012). 
Faults commonly accumulate displacement by tip propagation and/or segment linkage, resulting 
in an integrated displacement gradient that increases from zero at the fault tips (i.e. the terminus 
of the fault) to a central maxima (e.g. Cowie and Roberts, 2001; Dawers et al., 1993). Local 
constraints on minimum fault throw since fault initiation in my study area (Colgan et al. 2006; 
Quinn et al. 1997) suggest that the three fault systems possess long-term deformation rates 
consistent with this pattern, suggesting they are past the point of segment linkage. However, the 
knickpoint heights only marginally follow the displacement pattern (Fig. 2.10). This may 
indicate that Plio-Quaternary deformation rates are distributed more uniformly along strike than 
the long-term throw data suggests (i.e. does not display the ideal, bow-shaped distribution). 
Indeed, if the spatial distribution of displacement rate is more constant along the fault plane then 
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the knickpoints would fall within similar elevations, as I observe. My observations of the spatial 
distribution of knickpoints suggest that the long-term rate of displacement may not follow the 
same spatial pattern as shorter-term rates. This conclusion is a consequence of normal fault 
interaction and growth: over the lifetime of a fault, long-term patterns of slip do not necessarily 
mimic short-term patterns as fault segments lengthen, interact, link, and/or cease to grow 
(Cowie, 1998; Cowie and Roberts, 2001). I present this as a cautionary example of the care that 
must be taken to account for time averaging when comparing tectonic patterns and geomorphic 
features. 
Changes in climate and basin sedimentation can also cause channels to experience a 
relative base level fall. Here, I acknowledge these possible mechanisms for footwall knickpoint 
formation and rule them out in favor of a change in fault slip as follows. Modern regional base 
level for all three ranges is the Quinn River, a mud-dominated meandering river located on the 
floor of paleo-lake Lahontan (Matsubara and Howard, 2014). This and other paleo-lakes are 
symptomatic of excess moisture in the northwestern Basin and Range during the Pleistocene. 
Increased precipitation would result in an increase in erodibility and thus a decrease in channel 
gradients (Whipple et al., 1999), which is the opposite of what I observe. In the last ~280 ka 
there have been up to five major highstands in Lake Lahontan, which reached its highest level 
during the Sehoo highstand ~13 ka (Adams and Wesnousky, 1999; Morrison, 1991). If my 
observed knickpoints formed during the regional fall in base level that followed the last 
highstand ~13 ka, they would have migrated to their current locations at rates >>100 mm/yr, 
which is unreasonable (see discussion above). Lake Lahontan was big, but in my study area 
water levels only reached near the range front during the last highstand (Morrison, 1991; Reheis, 
1999a; Reheis, 1999b), thus I would anticipate minor or negligible aggradation within the 
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mountain interfluves. Given that (a) I observe a steepening of channel gradients, (b) lake levels 
were relatively low, and (c) the basins were internally drained, I infer that mid-Miocene to recent 
climate fluctuations are subordinate to tectonic-based forcing in driving landscape development 
in the study area. 
Timing and magnitude of landscape adjustment 
Rapid exhumation of the footwalls commenced ca. 12-11 Ma, placing an upper limit on 
any fault-driven changes in topography (Colgan et al., 2006b). Thick sequences of ash-flow 
tuffs, lava flows, and sedimentary rocks blanketed the study area from the Eocene to the middle 
Miocene, filling in any previously-developed topography on the basement surface and creating a 
low-relief volcanic plateau prior to the onset of extension (Brueseke et al., 2008; Colgan et al., 
2006a; Lerch et al., 2008). This rules out the possibility that the upstream channel segments 
represent inherited, pre-faulting topography (e.g. Densmore et al., 2009). My channel profile 
reconstructions estimate an average of 221 ± 126 m (range: 20 – 512 m) of enhanced, catchment-
scale relief across all ranges (Δr in Fig. 2.4). This means an average of 833 ± 259 m (range: 367 
– 1446 m) of catchment-scale relief pre-dated knickpoint formation. These values are minimums 
because they do not account for any erosion of the ridge crest or the upper, relict channel 
reaches. I speculate the large spread in the data represents the non-uniformity of the 
displacement field and catchment drainage areas along strike, both of which contribute to the 
variability in Δr; I report the means for purposes of comparison across the study ranges. The lack 
of regional paleotopography and consistency of paleo-relief and Δr estimates across the ranges 
indicates that, since faulting began, local base level has lowered. Because I propose that 
enhanced fault slip has facilitated relief creation, I infer that the 20 – 512 m of new relief is 
related to the amount of fault throw since slip rate increased. 
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My rock volume-for-time substitution analysis provides corroborating evidence for a base 
level drop following fault initiation at ~12-11 Ma. The exhumation rate of these footwalls from 
thermochronology is 0.3 – 0.5 mm/yr (Colgan et al., 2006b). A volume-for-time substitution 
using an equivalent erosion rate (300 – 500 mm/kyr) requires that fault slip increased within the 
last ~0.5 Ma. Cosmogenic 
10
Be catchment-averaged denudation rates in the Basin and Range 
vary from 9 – >750 mm/kyr (e.g. Densmore et al., 2009; Kirby and Whipple, 2012), with 
variation within a single range often spanning two orders of magnitude. For example, the 
Sweetwater Range in southwest Montana has 
10
Be-derived denudation rates of 9.7 – 34.8 
mm/kyr at the range front and 9.2 – 14.2 mm/kyr in high elevation reaches (Densmore et al., 
2009). The eastern California Inyo Range has 
10
Be -derived denudation rates of >750 mm/kyr at 
the range front and 40-80 mm/kyr in high elevation reaches (Kirby and Whipple, 2012). Given 
this variability, I explored a range of values (30-700 mm/kyr) in the volume-for-time substitution 
analysis, thus bracketing the increase in slip as beginning sometime between 5 and <0.1 Ma (Fig. 
2.5C). This time frame indicates that >200 m of relief was created since 5 Ma and possibly 
within the last 0.5 Ma, following initial formation of >800 m of earlier fault-related relief. This 
estimate is consistent with thermochronologic data that show exhumation was ongoing since 12-
11 Ma with the youngest cooling ages indicating 2-3 km of exhumation since ~6-4 Ma (Colgan 
et al., 2006b). With 2-3 km of exhumation (rock uplift relative to the surface) and >200 m (0.2 
km) of new relief (i.e. surface uplift) since that time, it requires an erosion rate in the range of 0.3 
– 0.7 km/Myr (300-700 mm/kyr). In summary, the data collectively shows that enhanced faulting 
was responsible for increasing footwall relief by 25% of the existing value (~200 m compared to 
~800 m pre-knickpoint formation) at the time or ~20% of the total today (>200 m of ~1130 m). 
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My knickpoint migration model results support the idea that at least 35 of 39 knickpoints 
initiated at the same time and migrated upstream across the ranges. Based on large spatial misfits 
(>2 km), four observed knickpoints may not be related to the main population (white circles in 
Fig. 2.9B). One Jackson Mountain knickpoint location is underpredicted by ~2 km. The 
knickpoint is in a catchment coming off a large paleovalley in the middle of the Jackson 
Mountains (Fig. 2.3B). This knickpoint may have originated at the catchment mouth within the 
paleovalley rather than where the paleovalley reaches the range front ~5 km away, or may 
represent an underdisplaced portion of the fault still undergoing segment linkage. Three 
knickpoint locations (2 of which are tributaries in the same catchment) in the Pine Forest Range 
are overpredicted by several kilometers (white circles in Fig. 2.9B). It could be that these 
knickpoints are: (1) associated with a more recent event and hence have not propagated as far 
upstream or (2) ‘stuck’ on an undocumented mechanical boundary. Another possibility is that the 
model makes the necessary assumption that drainage area is constant through time, i.e. that the 
catchments do not lose area to neighboring catchments (lateral divide migration) nor does the 
main range boundary move (Goren et al., 2014; Willett et al., 2014). Drainage divide migration 
would affect the model goodness of fit. That said, some degree of misfit is expected when fitting 
a model to such a large population (e.g. Gallen et al., 2013), but the cumulative misfit between 
observed and modeled knickpoint locations is so small that the results support the notion that 
they are genetically related to a change in fault slip rate. 
The best results from my knickpoint migration modelling signify that they formed at the 
range fronts within the last 5 Ma and migrated upstream at a rate of 0.5-10 mm/yr (Fig. 2.9A). 
Other areas that have similar drainage areas and lithologies, as well as C-coefficients that fall 
within my assumed range have comparable migration rates of <1-10 mm/yr (Bishop et al., 2005; 
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Hayakawa and Matsukura, 2003; Loget and Van Den Driessche, 2009). In my model the 
erosional coefficient, C, varies by over an order of magnitude to adjust to the prescribed 
knickpoint initiation times, but the high values of C that correspond to the youngest initiation 
times (< 0.5 Ma) require knickpoint velocities that are beyond reasonable values given the 
setting. Knickpoint migration velocities high enough for the convexities to have initiated within 
the last 0.5 Ma are  ≥100 mm/yr; migration rates of this magnitude are only observed in areas 
with primarily alluvial substrate or large drainage areas (>100 km
2 
), neither of which apply here 
(Loget and Van Den Driessche, 2009). Erosion rates low enough for the knickpoints to have 
initiated prior to 5 Ma are ≤30 mm/kyr; erosion rates of this magnitude are not supported by the 
thermochronology data and are only observed in upper, relict portions of catchments with lower 
overall relief than those studied here (e.g. the Sweetwater Range in Idaho; Densmore et al., 
2009). However, without local constraints on the C-coefficient I cannot rule out the possibility 
that it could fall outside the range of model best-fits and hence vary the knickpoint initiation 
timing further. That said, because knickpoint migration rates are unlikely to be >100 mm/yr here, 
and sustained erosion rates are unlikely to be <30 mm/kyr, I favor the interpretation that these 
knickpoints initiated between 5 and 0.1 Ma (grey bar, Fig. 2.5C). 
What caused an increase in fault slip rate? 
Multiple deformation phases have been recognized in the western Basin and Range since 
late Oligocene time. For example, the Warner Range, ~150 km west of my study area in 
northeast California, has a two-phase extensional history with the most recent phase of increased 
slip commencing ~3 Ma (Fig. 2.1; Colgan et al., 2008). Similar renewed Pliocene (~4-3 Ma) 
extension has been documented in the White Mountains (Stockli et al., 2003) and Inyo 
Mountains (Goren et al., 2014) in eastern California, the Wassuk Range in western Nevada 
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(Gorynski et al., 2013; Stockli et al., 2002), and in the Donner Pass fault zone near Reno, Nevada 
(Henry and Perkins, 2001) (Fig. 2.1). It has been hypothesized that the Walker Lane belt in 
western Nevada, a region of left-stepping, en-echelon faults with a dextral slip component and 
high seismicity, began propagating northwestward ~9-3 Ma, causing strike-slip deformation in 
northwestern Nevada (Fig. 2.1; Faulds et al., 2005). This propagation is approximately coeval 
with vertical axis rotations in northwestern Nevada (Cashman and Fontaine, 2000), and a change 
in motion of the Pacific plate relative to North American plate motion at ~8 Ma (Atwater and 
Stock, 1998). Furthermore, there is evidence for uplift and incision of the Sierra Nevada between 
3-1.5 Ma (Stock et al., 2005) and <5 Ma (Wakabayashi and Sawyer, 2001). Although the precise 
nature and timing of this observed enhancement of deformation differs in places, most concur 
that it is a reflection of the diffuse deformation associated with the Plio-Quaternary evolution of 
the western North American plate margin (Cashman and Fontaine, 2000; Faulds et al., 2005; 
Henry and Perkins, 2001). My observations contribute to this growing body of evidence for the 
Plio-Quaternary rejuvenation of deformation within the western Basin and Range. 
Increased slip rate can also be attributed to the evolving geometry of a fault system 
independent of a change in external tectonic forcing. Large, crustal scale fault systems tend to 
grow by the amalgamation of multiple segments. As the segments interact and become 
mechanically linked, they come to behave as one fault equal to the combined length of the two 
segments with displacement reaching a maximum at the collective fault center (Cartwright et al., 
1995; Cowie, 1998; Dawers and Anders, 1995; Gupta and Scholz, 2000). Segment boundaries 
are often initially locations of anomalously low displacement (Gupta and Scholz, 2000; McLeod 
et al., 2000), but ultimately experience slip rate enhancement due to evolving Coulomb stress 
changes in the upper crust (Cowie, 1998; Cowie and Roberts, 2001). These faults appear to be 
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matured past the point of segmentation, with the possible exception of the northern Jackson 
Mountains. Thoroughly determining the timing of formation, propagation, and interaction of 
each fault segment within my study area is beyond the scope of this study, but I recognize that 
segment linkage and associated slip enhancement in this region could be the cause for some 
localized knickpoint anomalies. 
Evolving plate margin kinematics facilitating a change in regional deformation style in 
the western Basin and Range is consistent with my principal interpretation: that transient 
channels are adjusting to a change in fault slip rate throughout fault array systems within an ~100 
km
2
 area in northwestern Nevada since ~5 to 0.1 Ma. Further investigations into footwall 
morphologies throughout the Basin and Range may help test (a) how robust and/or widespread 
this Plio-Quaternary landscape response is, especially farther east into the more central Basin and 
Range, as well as (b) whether there is a link to the northwestward migrating Walker Lane belt by 
inferring fault slip changes that may track in age with its propagation northward. I further 
speculate that the global climate shift ~4-2 Ma to a more variable climate state could have helped 
facilitate channel incision (Whipple et al., 1999; Zhang et al., 2001). However, the geomorphic 
signal associated with such a climate shift is difficult to deconvolve and may have actually 
resulted in the opposite consequence of reduced fluvial and hillslope gradients, thus providing 
more support for a tectonic mechanism. 
CONCLUSIONS 
Basin and Range footwall topography in northwestern Nevada appears to be in a transient 
state. My observations show that base level dropped substantially (~220 m) since the Pliocene, 
resulting in a wave of incision that formed intramontane fluvial knickpoints that segment steep, 
fault-proximal channel reaches and hillslopes from lower gradient upstream regions. As the 
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knickpoints migrated upstream, ~0.5 km
3
 of rock was removed from the footwall catchments 
since ~5-0.1 Ma. These results are supported by a knickpoint migration model combined with 
existing erosion rate estimates that suggest the knickpoints traveled at rates of 0.5-2 mm/yr. I 
suggest that these geomorphic phenomena result from enhanced fault slip on several normal fault 
systems, perhaps in response to the evolving western North American tectonic boundary and/or 
evolving fault system geometries. The collective geomorphic evidence is consistent with a phase 
of faulting previously undocumented using solely thermochronology. I suggest that catchment-
to-channel scale geomorphic approaches such as used here have the potential to improve 
constraints on fault motion histories throughout the Basin and Range, bridging the gap between 
fault initiation and trench-based millennial time scales, and perhaps identifying more new phases 
of fault motion and topographic growth. Finally, my results bring up new questions and 
hypotheses about Plio-Quaternary landscape change in the Great Basin that I hope inspires future 
research. 
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Figure 2.1 Western US Basin & Range Province 
 
Western US Basin & Range Province with related tectonic provinces, study area ranges, and 
geographical locations. A) Topographic relief map of the Basin and Range (barbed black 
outline). Geologic provinces: Walker Lane Belt (striped polygon), Eastern California Shear Zone 
(ECSZ), Snake River Plane (SRP), Sierra Nevada Batholith and the Colorado Plateau. Ranges 
mentioned in text with Pliocene slip: Warner Range (WR), Wassuk Range (WaR), Donner Pass 
Fault Zone (DPFZ), White Mountains (WM). Study area geology, thermochronology sample 
locations (Colgan et al., 2006b), and Schmidt Hammer measurement sites in the Pine Forest (B), 
Jackson Mountains (C), and Santa Rosa (D). Geology from Faulds et al., 2005; Henry et al., 
2007; Colgan et al., 2006b. 
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Figure 2.2 Thermochronology data from the study area ranges 
 
Thermochronology data from the study area ranges (sample locations in Fig. 2.1). Cooling age (± 
2σ) vs. paleodepth for all apatite fission track (AFT) and (U-Th)/He (AHe) data indicate rapid 
exhumation began at ~12-11 Ma (vertical bar; data from Colgan et al., 2006). Middle Miocene 
and younger samples from the Pine Forest Range (circles) and the Santa Rosa Range (squares) 
show an exhumation rate of ~0.3-0.5 mm/yr. FT PAZ = Exhumed apatite fission track partial 
annealing zone. AHe PRZ = Exhumed AHe partial retention zone. 
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Figure 2.3 Footwall range morphology 
 
Footwall range morphology. Catchments, channel steepness patterns (ksn, θref = 0.51), and 
knickpoints (white circles) of the Pine Forest Range (A), the Jackson Mountains (B), and the 
Santa Rosa Range (C) (methods after Kirby and Whipple, 2012). Triangles are knickpoints 
associated with lithologic contacts and/or channel confluences. (D) Mean ksn values for channel 
segments above (blue) and below (red) the knickpoints. Horizontal color swaths are mean and 1σ 
for the upper and lower channel reach populations. 
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Figure 2.4 Example channel profile and relict channel reconstruction out to fault plane 
 
Example channel profile and relict channel reconstruction out to fault plane (location is J12 in 
Fig. 2.3B). Reconstruction indicates ~419 m of relief increase since knickpoint initiation. Critical 
area = Acrit = 0.1 km
2
. Fault plane is projected as 50° (vertically exaggerated in figure). Inset is 
the slope – drainage area data with mean concavities (θ) for the segments above (gray) and 
below (white) the knickpoint.  
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Figure 2.5 Conceptual model and volume-for-time substitution results 
 
Conceptual model and volume-for-time substitution results for an uplifting footwall range 
catchment. (A) Schematic catchment evolution from equilibrium (t1) to transient form (t2) caused 
by a base level fall that triggers knickpoint initiation and migration upstream (after Gallen et al., 
2013). Time t2 highlights the volume of eroded material from below the migrating knickpoint 
(grey region and white channel). (B) Channel profile-view schematic for estimation of eroded 
volume at t2. (C) Knickpoint initiation timing results based on volume-for-time estimate for 
catchments in all study area ranges. For erosion rates >30 mm/kyr, the knickpoints initiated <5 
Ma. Curves approach zero asymptotically at values greater than 150 mm/kyr. I explored erosion 
rates up to 700 mm/kyr (see text for details). KP = knickpoint. Gray bar highlights 5-0.1 Ma, the 
probable range of knickpoint initiation ages. 
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Figure 2.6 Study area rock strength proxy measurements 
 
Study area rock strength proxy measurements. Data are mean (± 1σ) Schmidt Hammer rebound 
values compiled from various study area locations (see Fig. 2.1, Table 2.2). The scatter in mean 
values and their overlap within error indicates no significant difference in intact strength and 
hence erodibility between the two main rock types exposed. JM = Jackson Mountains, SR = 
Santa Rosa Range, PF = Pine Forest Range, met = metamorphic. 
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Figure 2.7 Example catchment-scale hillslope geomorphology 
 
Example catchment-scale hillslope geomorphology (10 m NED DEM). Pine Forest catchment 
P11 (A) and Jackson Mountains catchment J12 (B) (locations in Fig. 2.3). σ = mean hillslope 
angle for areas above (blue outline) and below (red outline) the knickpoints. Note that hillslopes 
are at threshold values (~25+°) below the knickpoints. Dashed line = fault. The low slope region 
in the upper P11 catchment is not a standing water body, just very low slopes at a tributary 
junction. 
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Figure 2.8 Example map view of modeled vs. observed knickpoints 
 
Example map view of modeled vs. observed knickpoint (KP) locations in the Jackson 
Mountains. Model results with the best-fitting C and p parameters (1.4 x 10
-6
 m/yr, and 0.45, 
respectively) for knickpoint initiation at 3 Ma. This model requires a knickpoint migration 
velocity of 1.5 ± 0.5 mm/yr. See Fig. A3.3 for Pine Forest and Santa Rosa Range results.  
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Figure 2.9 Knickpoint migration model results 
 
Knickpoint migration model results. A) Knickpoint migration velocities for best-fit model runs 
with initiation times of 0.5, 1, 3, 5, 7, 9, and 11 Ma. Results are for all three ranges. Box shows 
models with best fit (lowest least sum of squares). B) Predicted vs. observed knickpoint distance 
from range front (DFRF) for all three ranges from the 3 Ma knickpoint initiation model 
(migration rate = 1.5 mm/yr). Data fit to 1:1 line is R
2
 = 0.85 excluding 4 knickpoints considered 
genetically unrelated (white circles; see text for explanation). 
  
78 
 
Figure 2.10 Comparison of fault motion and knickpoint position 
 
Comparison of fault motion and knickpoint position. Minimum fault throw estimates and 
knickpoint height above the range front plotted along fault strike for the Pine Forest (A), Jackson 
Mountains (B), and Santa Rosa Range (C) (from Colgan et al., 2006b; Quinn et al., 1997). In 
general, maximum knickpoint height and throw fall near the range centers and decrease towards 
the tips, but this pattern is not robust in places. 
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Table 2.1 Data from channels with knickpoints 
 
Stream 
ID
Knickpoint 
elevation 
(m)
Distance to 
knickpoint 
from range 
front (m)
k sn 
above 
(m/yr) ± 1σ
k sn 
below 
(m/yr) ± 1σ θ above ± 1σ θ below ± 1σ
Mean 
hillslope 
above (◦)
Mean 
hillslope 
below (◦)
Change 
in relief 
(Δr)(m)
Drainage 
Area (km2)
Pine Forest Channels N - S
P1 1847 2512 160 55 322 80 2.79 0.45 0.37 0.11 26.1 27.6 150 6.20
P2 1959 3658 264 55 257 119 1.15 0.12 0.01 0.12 22.6 28.2 51 4.11
P3 2028 3806 166 33 313 99 1.18 0.07 0.21 0.12 17.7 24.4 54 5.10
P4 1998 2552 197 44 363 136 0.36 -1.11 0.04 0.16 19.4 26.6 124 2.62
P5 1687 3211 163 29 350 84 19.39 1.29 0.09 0.09 17.9 24.1 129 16.31
P6a 1590 1474 145 69 536 220 0.88 -0.05 0.00 0.16 16.8 27.4 125 14.48
P6b 1605 1770 198 49 505 192 0.27 -0.57 0.00 0.16 16.8 27.4 121 14.49
P7 1771 3204 146 92 247 102 0.03 -1.50 0.22 0.17 21.2 25.6 203 3.82
P8 1806 2592 255 66 354 260 0.12 -0.93 0.62 0.25 21.6 23.4 116 3.85
P9 1981 2681 60 43 447 163 1.33 0.12 0.03 0.15 17.4 27.4 512 2.90
P10 1821 1622 118 63 521 198 0.15 -0.81 0.00 0.14 20.2 27.4 404 2.33
P11 1903 2044 126 46 1116 351 0.15 -0.81 0.01 0.13 16.9 33.8 466 12.19
P12 1994 4055 86 32 453 160 0.03 -1.58 3.11 0.11 17.6 27.1 480 8.21
P14a 1859 7212 219 30 329 112 0.11 -0.97 0.47 0.10 23.0 22.0 128 34.39
P14b 1943 8072 320 76 404 131 0.86 -0.06 0.21 0.12 22.1 22.0 96 34.68
P16 1826 2851 146 22 379 128 0.22 -0.65 0.04 0.12 22.4 28.5 253 3.26
P20 1787 2860 110 51 390 110 1.43 0.16 0.09 0.11 18.5 28.3 350 4.69
Jackson Mountain Channels N - S
J6 1740 41836 102 20 166 28 1.12 0.08 0.40 0.07 25.0 30.8 153 3.81
J7a 1928 39125 167 20 291 68 0.34 0.05 0.44 0.08 22.0 28.2 248 9.81
J7b 1990 39125 239 90 321 77 0.55 0.10 0.37 0.09 17.0 27.1 168 9.80
J9a 1892 33229 346 164 484 143 0.56 0.14 0.07 0.09 20.8 29.6 214 10.37
J9b 2143 33229 84 21 487 143 0.68 0.03 0.21 0.11 25.0 29.8 136 10.36
J10 1893 32205 171 32 274 48 0.13 0.07 0.32 0.07 26.9 32.4 189 4.39
J11 1998 29538 226 103 340 92 36.78 0.13 0.39 0.11 33.2 29.0 223 45.06
J12 1801 26094 90 16 316 86 0.53 0.03 0.32 0.11 20.6 33.0 368 7.71
J13 1866 24025 139 46 370 152 0.79 0.07 0.21 0.13 23.9 29.7 368 7.62
J14 1851 21624 120 13 326 63 0.83 0.03 0.29 0.09 25.4 24.2 328 5.91
J15 1919 16262 192 36 344 77 0.43 0.06 0.53 0.08 31.5 29.1 260 12.17
J16 2050 12503 192 29 253 49 0.48 0.05 0.14 0.06 33.9 29.1 148 2.51
J18 1861 10188 244 100 326 113 4.83 0.10 0.02 0.09 26.9 33.8 125 3.25
J20 1925 6503 141 28 228 95 0.41 0.08 0.11 0.13 16.4 32.2 155 3.92
Santa Rosa Channels N - S
S1 1832 9895 289 66 322 137 0.26 0.09 0.10 0.13 22.9 22.6 20 59.71
S2 2095 8171 155 45 398 154 0.49 0.08 0.22 0.16 19.5 25.2 391 27.55
S3 2154 6831 214 104 325 64 0.80 0.14 0.30 0.08 27.4 27.2 221 12.34
S4 1897 4331 181 32 326 63 0.45 0.07 0.24 0.08 27.2 28.0 146 13.01
S5 1945 4979 124 14 395 185 0.25 0.04 1.91 0.12 25.1 28.3 276 17.75
S7a 2258 6694 221 64 420 99 0.72 0.09 0.28 0.10 27.5 29.0 386 18.28
S7b 2103 6513 233 32 375 97 0.39 0.05 0.48 0.09 25.2 29.0 213 18.27
S8 1920 2881 277 50 449 91 0.45 0.06 0.09 0.06 25.6 30.6 132 9.86
Table 1 Data from channels with knickpoints
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Table 2.2 Intact rock strength from Schmidt Hammer 
 
  
Range x - UTM y - UTM Lithology n
Mean rebound 
± 1σ
Jackson Mountains 373474 4578799 Granite 40 68.2 ± 3.1
Santa Rosa Range 439609 4602345 Granite 40 71.9 ± 1.4
Pine Forest 364491 4625674 Granite 40 46.5 ± 9.8
Pine Forest 366754 4624723 Granite 40 57.1 ± 4.9
Pine Forest 363575 4609061 Granite 40 66.1 ± 5.4
Pine Forest 365192 4608870 Granite 40 54.5 ± 8.6
Pine Forest 366896 4608744 Metamorphic 50 51.5 ± 5.3
Pine Forest 369368 4600108 Metamorphic 40 43.5 ± 10.1
Table 2 Intact rock strength from Schmidt hammer
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CHAPTER 3: TESTING FAULT GROWTH MODELS WITH LOW-
TEMPERATURE THERMOCHRONOLOGY IN THE NORTHWEST BASIN AND 
RANGE, U.S.A. 
INTRODUCTION 
Faults grow by elongating and accumulating displacement. Field observations of 
historical earthquakes and mature fault systems show that both single-event earthquake slip and 
cumulative displacement increase proportionally with fault length (Fig. 3.1; Cowie and Scholz, 
1992a; Schlische et al., 1996). This observation has led to a well-established scaling relationship 
that is the basis for most current models of fault growth, whereby there is a simultaneous 
increase in displacement and fault length as a result of repeated earthquakes (Fig. 3.2A; Gillespie 
et al., 1992). Many studies utilize this relationship to make inferences about fault growth based 
on static length and/or displacement measurements (Gillespie et al., 1992; Densmore et al., 
2007a; Polit et al., 2009; Barnes et al., 2011; Davarpanah and Babaie, 2013; Nahm et al., 2013). 
Unfortunately, due to a paucity of observations on the lateral growth of faults along strike, our 
understanding of fault-system evolution beyond this idea is stalled (Morewood and Roberts, 
2002). Thus, it remains debatable whether fault displacement and length always increase 
concomitantly or if this displacement-length scaling only describes faults at certain periods in 
development (e.g. Walsh et al., 2002). Further testing of the precision, accuracy, and 
predictability of these conceptual models for fault growth is critical for seismic hazard 
applications (Nicol et al., 2005; Kim et al., 2011; Ascione et al., 2013), understanding links 
between faulting and landscape development (Densmore et al., 2007b; Barnes et al., 2011), and 
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even the distribution of natural resource reservoirs of geothermal energy, hydrocarbons, and 
groundwater (Strachan et al., 2013; Egger et al., 2014; Jackson et al., 2014). 
 The theory, scaling, and mechanics of fault growth have progressed substantially over the 
last several decades. Numerous studies have investigated normal fault systems to quantify the 
scaling relationship between length and displacement (Cowie and Scholz, 1992a; Schlische et al., 
1996), present theoretical models of fault growth (Walsh and Watterson, 1987; Cowie and 
Scholz, 1992c; Peacock and Sanderson, 1996; Walsh et al., 2002), and perform analog 
experiments of fault growth (Schlagenhauf et al., 2008). Additionally, several studies have 
quantified the rate of lateral propagation of reverse faults and folds using geomorphology and 
soil ages (Medwedeff, 1992), optically stimulated luminescence and cosmogenic radionuclides 
(Bennett et al., 2005; Amos et al., 2010), fission track thermochronology (Sobel et al., 2006), or 
3D seismic data (Childs et al., 2003). Although some studies used field observations to propose 
models for normal fault propagation (Gawthorpe et al., 1997; Gupta et al., 1999; Peacock and 
Parfitt, 2002), there remain few studies that document the lateral growth of normal faults using 
observations in the field (Morewood and Roberts, 1999). In addition, a growing amount of 
evidence suggests that some faults reach or approach their maximum length relatively early in 
their history, at which point further growth is achieved by displacement accumulation with little 
to no lengthening (Fig. 3.2C; Morewood and Roberts, 1999; Walsh et al., 2002; Childs et al., 
2003; Bennett et al., 2006; Amos et al., 2010; Mouslopoulou et al., 2012). These results appear 
to contradict the conventional model for fault growth that advocates concurrent displacement and 
elongation (compare Figs. 3.1, 3.2A,C). More direct observations on the 3D kinematics of fault 
growth are clearly needed on natural fault systems to further test existing models of fault growth. 
Apatite (U-Th)/He thermochronology has been widely and successfully used to date the timing 
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of slip on normal faults (Fig. 3.3; Stockli, 2005; Colgan et al., 2006b), but has never been used to 
quantify lateral fault propagation. I hypothesize that this powerful tool can be more fully used to 
address outstanding questions and deficiencies in our understanding of how faults grow in three 
dimensions. 
The purpose of this paper is to establish a framework for how apatite (U-Th)/He (AHe) 
thermochronology can be used to test conceptual models of fault growth and then apply it to two 
crustal-scale normal faults in the U.S. Basin and Range province. First, I review the current state 
of knowledge on fault growth by presenting the three main conceptual fault growth models (Fig. 
3.2): (A) tip propagation, (B) segment linkage, and (C) constant fault length. Next, I briefly 
introduce the fundamentals of low-temperature thermochronology, then outline how the different 
faulting models would predict distinctive patterns in observed thermochronology data. Finally, I 
apply this approach by using new (n=18) and existing (n=16) AHe sample data to investigate the 
evolution of the Pine Forest Range and the Jackson Mountains in Nevada. Substantial 
intracontinental extension in the Basin and Range province has resulted in widespread 
exhumation of granitic plutons via normal faulting, making it a well-suited location for applying 
AHe thermochronology to investigate normal fault development. Specifically, I use sample 
elevation transects across exhumed footwalls to quantify the spatiotemporal variability in 
exhumation due to fault slip and then determine a best-fit model for fault growth. To my 
knowledge, this is the first application of AHe thermochronology to investigating normal fault 
propagation patterns that I hope inspires more use of isotope dating techniques to better 
understand how faults evolve in multiple directions. 
 
 
100 
 
FAULT GROWTH & THERMOCHRONOLGY 
Fault Growth Overview 
 Natural and theoretical fault systems appear to follow a relationship between the 
maximum displacement (D) and the length of a fault (L) that is described by the equation: 
D = cL
n
, 
where c is a constant between ~10
-1
 and 10
-3
 and n is between 1 and 1.5 (Fig. 3.1; Walsh and 
Watterson, 1988; Cowie and Scholz, 1992a; Gillespie et al., 1992; Dawers et al., 1993; Schlische 
et al., 1996). For example, faults that are tens of kilometers long have hundreds of meters of 
displacement, whereas faults a few meters in length are displaced only a few centimeters. This 
scaling relationship appears to be a universal characteristic of unbounded (those not at plate 
boundaries) faults, holding true for faults with multiple segments, in all rock types and all senses 
of slip (Schlische et al., 1996 and references therein). The conventional explanation for this 
observed D-L scaling is that it represents a growth relationship: faults grow by simultaneous 
increases in both length and maximum displacement. The fault dimensions change through tip 
propagation, which can be accompanied by linkage of initially isolated fault segments. However, 
it is also true that faults grow by the occurrence of repeated earthquakes superimposing slip on a 
fault plane. Observations of displacement and length of earthquake scarps suggest a linear 
relationship with a much lower D-L ratio than the cumulative displacement and length of mature 
fault systems (D = 5*10
-5
L; thick dashed line in Fig. 3.1) (Wells and Coppersmith, 1994). 
Reconciling D-L ratios from earthquake events to longer-term mature fault systems has led to an 
alternative fault-growth model whereby fault length is established early, with further growth 
dominated by displacement with little to no lengthening (Walsh et al., 2002). Thus, existing 
fault-growth models can be divided into three main categories: lateral tip propagation, segment 
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linkage, and constant fault length (Fig. 3.2). For each model, I describe both its mechanical basis 
and prediction for the coevolution of fault length and displacement. 
Tip Propagation Model 
 The tip propagation model is the conventional model for fault growth because is arises 
most directly from observed D-L scaling relationships (Fig. 3.1, 2A). Fault growth by lateral tip 
propagation relies on linear elastic fracture mechanics (LEFM) to explain the evolution of faults 
from inception to maturity (Lin and Parmentier, 1988; Cowie and Scholz, 1992c, a). LEFM 
relates stresses at the tip of a fault to the energy required for the fault to propagate. When remote 
stress is applied to natural rock with infinite discontinuities (“Griffith cracks”), the stress 
concentrates at the tip of the crack. When the stress at the crack tip reaches a critical value (equal 
to the yield strength of the rock) the crack will propagate (Lin and Parmentier, 1988). As a fault 
matures, deformation becomes more concentrated along a plane due to mechanical breakdown of 
rock decreasing the frictional resistance (Cowie and Scholz, 1992c). Slip accumulates in the 
interior of the fault, increasing the stress concentrations at the fault tips and forcing the fault to 
grow laterally to ease those stress concentrations. This growth model predicts a scaling law 
between fault displacement and length, and a displacement profile with a maximum in the fault 
center, tapering to zero at the tips, a relationship that has been documented by focused studies of 
fault dimensions (Dugdale, 1960; Walsh and Watterson, 1987; Cowie and Scholz, 1992a, c). In 
summary, in the tip propagation model a fault may be envisioned as originating at a point and 
growing progressively by accumulating displacement and lengthening (Scholz, 2002). 
Segment Linkage Model 
 Fault growth by segment linkage occurs when two or more isolated faults propagate 
towards each other and their stress fields begin to interact (Fig. 3.2B). Faults usually occur in 
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populations, and the interactions between faults may promote or inhibit fault growth, linkage, 
and coalescence (Scholz, 2002). For example, when a fault ruptures it can perturb the 
surrounding stress field in such a way that it increases the stress on a neighboring fault, and thus 
the likelihood of a future earthquake (Cowie, 1998; Gupta and Scholz, 2000). With continued 
interaction the two en echelon tips will overlap, which effectively decreases the shear stress and 
prohibits further propagation (Gupta and Scholz, 2000). At this point the two faults become 
mechanically linked, or ‘soft-linked’, at the relay zone (the area between the en echelon 
segments), and will come to behave as one fault (‘hard-linked’) equal to the combined length of 
the two segments, with displacement ultimately reaching a maximum at the collective fault 
center (Cartwright et al., 1995; Cowie, 1998; Gupta and Scholz, 2000). Segment boundaries are 
often poorly defined, but may be temporary locations of anomalously low displacement (Gupta 
and Scholz, 2000; McLeod et al., 2000). Fault growth by segment linkage incorporates the 
features of lateral propagation: the individual segments follow the process outlined above. Large, 
crustal-scale faults tend to form by slip on amalgamating segments, and the timing of movement 
of each segment may vary (Fig. 3.2B; Jackson and White, 1989; Scholz, 2002). 
Constant Fault-Length Model 
 In the constant fault-length model fault length is established at an early stage of 
deformation, with further growth achieved by increases in displacement (Fig. 3.2C). Field 
observations of historical earthquakes and mature fault systems show that both earthquake slip 
and finite displacement increase with fault length, but the respective scaling between the two is 
significantly different (Cowie and Scholz, 1992a; Wells and Coppersmith, 1994; Schlische et al., 
1996). When considering their dimensions, mature fault systems tend to have larger 
displacements for a given length than earthquake scarps (i.e. the D-L ratio is far smaller; Fig. 
103 
 
3.1). The constant fault-length model reconciles this discrepancy by requiring that a wide range 
of fault lengths be present at the early stages of deformation. The longest faults in the population 
will, initially, have displacements that are lower than conventional scaling predicts, but over time 
they will accumulate displacement with minor changes in length, ultimately reaching the 
observed D-L scaling relationship. The cessation of lengthening is attributed to retardation of 
propagation when fault tips interact or encounter a barrier and/or inheritance of length from pre-
existing structures (Walsh et al., 2002). This model of fault growth is supported by a 
combination of natural observations, earthquake modeling, and analog experiments (Morley, 
1999; Childs et al., 2003; Schlagenhauf et al., 2008). 
Thermochronology 
Low-temperature thermochronometry uses the temperature-dependent retention of 
radiogenic decay products to determine thermal histories of minerals at temperatures below 
~350°C (Reiners et al., 2005). The (U-Th)/He system exploits the alpha decay of 
238
U, 
235
U, 
232
Th and 
147
Sm, which produces a 
4
He particle that is subsequently lost from apatite, zircon, and 
titanite grains by diffusion at elevated temperatures (Harrison and Zeitler, 2005). The closure 
temperature (Tc; the temperature at which 
4
He is not completely lost) is affected by the cooling 
rate and size of the grains measured, with Tc increasing with both cooling rate and grain size 
(Farley, 2002; Reiners, 2005). Diffusion experiments on average-sized (<50 – 150 µm) apatites 
show an average Tc of 68 ± 5°, assuming a cooling rate of 10°C/km (Farley, 2000). At 
temperatures >~85°C, 
4
He is completely diffused out of the crystal as fast as it is produced; 
below ~40°C all 
4
He is retained within the crystal. Between ~85° and ~40°C, the diffusion of 
4
He is variable and hence called the Partial Retention Zone (PRZ; Wolf et al., 1998; Farley, 
2002). Depending on the precise geothermal gradient in an area, the reported AHe cooling age 
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(the age at which the rock passed through the AHe Tc) corresponds to the upper 2-3 km of the 
crust, making it well suited to investigate recent thermal histories due to exhumation. The apatite 
fission track (AFT) method is sensitive to higher temperatures (~110-135°C, equivalent to the 
upper 3-5 km of the crust) compared to the AHe method. In this system, 
238
U fission produces 
damage tracks that progressively shorten, or anneal, within the temperature interval ~110-60°C, 
termed the partial annealing zone (PAZ; Green et al., 1989; Dumitru, 2000). Shorter mean track 
lengths and a broader track-length distribution are characteristic of longer residence time within 
the PAZ and thus provide additional information on a sample’s thermal history. A detailed 
explanation for applying AFT data to fault-driven exhumation can be found in Miller et al. 
(1999). Below, I include existing AFT data (from Colgan et al. 2006a) to help inform the onset 
of rapid exhumation. 
In extensional settings, footwall rocks are exhumed by fault motion in ways that can be 
quantified with thermochronologic data patterns and hence be used to test fault growth models 
(e.g. Fig. 3.3). For example, prior to faulting a thermally equilibrated crustal block will establish 
an AHe PRZ (Fig. 3.3A). Then, as faulting progresses, the block is progressively exposed as a 
result of footwall uplift (Fig. 3.3B). To identify the onset of exhumation (and hence faulting), 
samples are collected along an elevation profile in the footwall that spans the maximum exposed 
range of paleodepths (Spotila, 2005; Stockli, 2005). Using this technique, samples are collected 
parallel to the extension direction (perpendicular to strike) and the cooling ages are evaluated as 
a function of paleodepth (Fig. 3.3C). Ideally, paleodepth markers, such as stratified rocks that 
predate faulting, are present to provide a datum from which to calculate pre-extensional depth. 
Plotting cooling age vs. paleodepth allows identification of an inflection point in the data trend 
that marks the base of the PRZ (Fig. 3.3C; Stockli, 2005). If fault slip has been of sufficient 
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magnitude to exhume samples from below the PRZ (e.g. they were at zero age prior to faulting), 
the cooling ages along the transect will document both when rapid exhumation commenced (the 
age at the inflection point) and the rate at which it has occurred (the slope of the data, Fig. 3.3; 
Ehlers, 2005; Stockli, 2005). 
Evaluating Fault Growth with Thermochronology 
 The three fault growth models described above predict distinctive thermochronologic age 
patterns provided one key condition is met: enough slip has occurred to exhume some samples 
from high enough temperatures to affect the (U-Th)/He and/or fission track system and hence 
record it in their thermal histories (Figs. 3.2, 3.3). For example, if the tip-propagation model best 
describes how a fault grows, then the fault center would begin rapid exhumation first, with 
progressively younger exhumation migrating outwards as the fault lengthened and increased in 
displacement. Thus, a sample transect from the center of the footwall would possess the oldest 
onset of rapid exhumation, with younger onset ages progressing towards the tips (Fig. 3.2A). In 
practical terms, this means the cooling age-elevation inflection point (Fig. 3.3C) should decrease 
in age outwards from the fault center along strike (Fig. 3.2A). If the constant fault-length model 
is correct, the footwall would exhume as an intact block with little-to-no distinguishable 
difference in the onset age of rapid exhumation for any strike-perpendicular sample transects 
(Fig. 3.2C). The segment linkage model does not have one predictable outcome but rather can fit 
in with the two mentioned above, or be a different combination altogether (Fig. 3.2B). I explore 
this possibility in detail in the discussion section below. To test these different models, I 
collected samples along three transects oriented perpendicular to strike at ~8 km spacing along 
strike of the Pine Forest Range (Fig. 3.5A), and a single transect in the central Jackson 
Mountains (Fig. 3.5B). 
106 
 
NORTHWEST NEVADA: GEOLOGIC SETTING 
Geology 
 Much of the northern Basin and Range province underwent a period of rapid extension 
beginning ca. 17-15 Ma (Fig. 3.4; Miller et al., 1999; Snow and Wernicke, 2000; Stockli et al., 
2002; Colgan and Henry, 2009). However, the northwestern Nevada portion remained 
comparatively undeformed until the late Miocene. Extension here began ca. 12-10 Ma and took 
place on widely-spaced, high angle normal faults that accommodated less extension than the 
closely-spaced (“domino-style”) fault systems and detachment faults found in the Basin and 
Range to the south and east (Colgan et al., 2006b). Footwall blocks of northwestern Nevada 
faults expose Paleozoic to Mesozoic metasedimentary rocks intruded by Jurassic and Cretaceous 
granitic plutons (Wyld, 1996; Quinn et al., 1997; Colgan et al., 2006a; Martin et al., 2010). 
Basement rocks in the Pine Forest Range consist of Paleozoic-to-Triassic metavolcanic 
and metasedimentary rocks intruded by Cretaceous and Jurassic plutons (Fig. 3.5A). The 
Paleozoic rocks consist of sedimentary and volcanic rocks that were part of a volcanic arc system 
accreted to the continental margin during the Permo-Triassic Sonoma Orogeny (Wyld, 1996). 
The Triassic units are fine-grained siliciclastic rocks that accumulated in marine rift basins. All 
units were tilted, folded, and deformed under greenschist-to-amphibolite facies during Jurassic 
shortening. They were later intruded by Jurassic (200-185 Ma) and Cretaceous (116 – 98 Ma) 
granitic plutons that make up the majority of exposed basement in the study area (Smith, 1973; 
Wyld, 1996; Colgan et al., 2006a).  
Basement rocks in the Jackson Mountains consist of Paleozoic to Mesozoic 
metasedimentary and volcanic rocks intruded by Jurassic plutons, all of which are 
unconformably overlain by Cretaceous sedimentary rocks (Fig. 3.5; Quinn et al., 1997). Most of 
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the exposed rock is the Late Triassic to Early Jurassic Happy Creek Igneous Complex, a series of 
hypabyssal intrusive and volcaniclastic rocks (Quinn et al., 1997). These rocks are tilted, folded, 
and intruded by Jurassic (190-160 Ma) mafic to granitic plutons (Quinn et al., 1997). 
Sedimentary rocks of the Cretaceous King Lear Formation unconformably overlie all other units 
in the Jackson Mountains and are locally tilted 25-30° to the east (Fig. 3.5; Colgan et al., 2006b). 
Pre-Tertiary basement in the study area is unconformably overlain by volcanic rocks that 
blanketed the study area from the Eocene to the middle Miocene, filling in any previously 
developed topography on the basement surface and creating a low-relief volcanic plateau prior to 
extension (Brueseke et al., 2008; Lerch et al., 2008). In the Pine Forest Range, volcanic rocks fall 
broadly into three groups by composition and age (Fig. 3.5). The oldest volcanic sequence is 30 
to 23 Ma in age. This thick (~1000 m) sequence includes older basalt flows, ash-flow tuffs, 
tuffaceous sedimentary rocks, and hypabyssal intrusive rocks. Conformably overlying this 
sequence is a thick (~550 m) sequence of basalt flows with an 
40
Ar/
39
Ar age of 16.3 Ma (Colgan 
et al., 2006a), correlated with the regionally extensive Steens Basalt. The Steens basalt is 
overlain by a rhyolite ash-flow tuff with an 
40
Ar/
39
Ar sanidine age of about 16.3 Ma (Colgan et 
al., 2006a). Cenozoic volcanic rocks are not widely exposed in the Jackson Mountains (Fig. 3.5), 
with the exception of basaltic-to-rhyolitic lava flows in the northern part of the range dated with 
40
Ar/
39
Ar sanidine to about 14.6 Ma (Castor and Henry, 2000). Sections of volcanic and 
sedimentary rocks in both ranges are conformable and tilted up to 30° (Figs. 3.6, 3.7), indicating 
minimal tilting or faulting in the region prior to ~16 Ma (Colgan et al., 2006a). 
Cenozoic normal faulting 
The Pine Forest Range is bounded to the east by an east-dipping (~40°) dip-slip normal 
fault with a surface trace length of ~40 km (Fig. 3.5A). In the northern half of the range the 
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footwall is uniformly tilted along the range-front fault as an intact block. In the southern range 
the footwall is cut by two additional normal faults with minor slip, the Alder Creek and Leonard 
Creek faults. There is no direct evidence for depth of basin fill in the adjacent valley from 
seismic or well data, but gravity data suggests <1 km sedimentary fill in the adjacent valley 
(Saltus and Jachens, 1995), indicating 7-9 km of total slip and ~3-3.5 km of vertical throw on the 
range-front fault (Colgan et al., 2006a). 
 The Jackson Mountains are bounded to the west by a west-dipping dip-slip normal fault 
with a surface trace length of ~70 km (Fig. 3.5B). The central Jackson Mountains are cut by the 
Delong Peak fault, a minor west-dipping fault striking ~20 km down the center of the range 
(Quinn et al., 1997). There is no direct evidence for the dip of these faults, but they are assumed 
to be ~40° by analogy to the nearby Pine Forest Range and Santa Rosa Range faults (Colgan et 
al., 2006b). Assuming 1-2 km of sedimentary basin fill (after Saltus and Jachens, 1995), ~7-8 km 
of total slip has occurred along the two faults (Colgan et al., 2006b). 
METHODS 
I performed mineral separations using standard crushing, gravimetric, and magnetic 
techniques at the University of North Carolina at Chapel Hill. I selected single apatite crystals 
based on size (>60 μm in diameter), morphology (free of major scratches, preference to double 
termination), and lack of inclusions. I analyzed them for U, Th, Sm, and He at the University of 
Colorado at Boulder in the Colorado Thermochronology Research and Instrumentation 
Laboratory (the Colorado TRaIL). I performed inverse thermal modeling of the AHe cooling age 
results with HeFTy v. 1.8.0 (Ketcham, 2005; Ketcham, 2013) using the radiation damage 
accumulation and annealing model (RDAAM) for apatite (Flowers et al., 2009) and the age alpha 
correction of Ketcham et al. (2011). Exhumation calculations assume a closure temperature of 
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65°C, a surface temperature of 10°C, and a stable geothermal gradient of 27°C/km (after Colgan 
et al., 2006b). Detailed analytical methods and thermal modeling parameters are in Appendix 4 
(Table A4.1, Fig. A4.2). 
For each sample transect I report geologic cross-sections (Figs. 3.6 and 3.7; 3.6A and 3.7 
modified from Colgan et al., 2006a,b) based on mapping and structural measurements (Smith, 
1973; Maher, 1989; Wyld, 1996; Quinn et al., 1997; Colgan et al., 2006a; Martin et al., 2010). 
To calculate the pre-extensional depths of apatite samples I projected the basal Tertiary 
unconformity (Cretaceous unconformity in the Jackson Mountains) across the range at angles 
consistent with field measurements. I then added the thickness of the Miocene volcanic section 
(~900-1000 m) to the reconstructed-vertical depth of each sample below the unconformity. I use 
Ds to denote sample depth beneath the pre-faulting land surface (after Colgan et al., 2006b). The 
pre-extensional depth (Ds) is used for interpreting the timing and rate of fault slip (Fig. 3.3C). 
RESULTS 
Here I present new AHe analyses along three across-strike sample transects from two 
different footwalls (Figs. 3.5-3.10). For each transect, I present the sample cooling ages, their 
estimated paleodepths, and associated exhumation magnitudes and rates. I also briefly 
summarize the relevant existing AHe and apatite fission track (AFT) data from the Pine Forest 
Range northern transect (NT; Colgan et al., 2006a,b). Full new analytical results are in Appendix 
4 (Table A4.1; Figure A4.1). 
Overview 
I analyzed 18 new samples from granitic-to-dioritic plutons with 1-5 single-grain AHe 
ages per sample (Table A4.1). These samples were collected to compliment 16 existing samples 
from previous studies (black circles, Fig. 3.5; Colgan et al., 2006a,b). AHe ages range from 58.4 
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– 3.3 Ma and are exposed over >700 m mean topographic relief from the fault-proximal flanks of 
the Pine Forest and Jackson Mountain ranges (Fig. 3.5). I collected new samples (n=11) along 
two strike-perpendicular transects in the Pine Forest Range (CT and ST, Figs. 3.5, 3.6). These 
samples supplement a strike-perpendicular transect (NT, n=13 samples, Fig. 3.6) and three 
single, range-front samples from a previous study (Colgan et al., 2006a,b). I also collected new 
samples (n=7) from a strike-perpendicular transect in the Jackson Mountains (Figs. 3.5, 3.7). 
This transect supplements an existing range-front sample (Colgan et al., 2006b). My new 
samples came from unaltered, unweathered Mesozoic granite to granodiorite, which yielded 
good-quality apatite crystals. Sample MEJM22 came from unaltered, unweathered Mesozoic 
diorite, which yielded good-quality apatite crystals. Locations are shown in Figure 3.5 and 
results are in Table 3.1. 
Jackson Mountains 
Single transect (D-D’) 
 The central Jackson Mountains transect has AHe ages ranging from 12.7 – 6.7 Ma that 
generally young towards the range-bounding fault trace (Fig. 3.7). Because Cenozoic rocks are 
not exposed along the entire range (Fig. 3.5), I estimated minimum paleodepths beneath the top 
of the exposed Cretaceous sedimentary section using the basal Cretaceous unconformity as a pre-
extensional horizontal surface (Fig. 3.7; after Colgan et al., 2006b). The minimum paleodepths 
(Ds) of the samples span 1983 – 4100 m. Unfortunately, no sample appears to have been 
exhumed from within or above the AHe PRZ (e.g. the kink in Fig. 3.3C) prior to rapid 
exhumation as evident from the age-paleodepth relationship (Fig. 3.8). The youngest recorded 
cooling age is 6.7 ± 0.2 Ma (JCJM2) from 4100 m depth below the Cretaceous unconformity 
(Table 3.1), indicating at least 2 km of exhumation since that time. The oldest cooling age is 12.7 
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± 0.1 Ma (single grain; sample MEJM23), indicating that rapid exhumation was ongoing by ~12 
Ma. Regression of the age-paleodepth data for the eight samples below the PRZ shows an 
exhumation rate of ~0.3 km/m.y. (Fig. 3.8). 
Pine Forest Range 
Central transect (CT; B-B’) 
The central Pine Forest Range transect contains six samples with AHe ages ranging from 
50.0 – 10.9 Ma that young towards the range-bounding fault (B-B’, Figs. 3.5A and 3.6). The 
samples span 1554 – 2330 m depth below the Tertiary unconformity, 2154 - 2930 m total 
paleodepth (Ds) assuming ~600 m of volcanic cover (Fig. 3.6). A PRZ is evident in the age-
paleodepth relationship where sample MEPF4 (age = 13.1 Ma) marks the inflection between 
different age-paleodepth relationships (Fig. 3.9; Table 3.1). However, there are insufficient 
samples from within or above the PRZ to infer anything about the slower early Miocene cooling 
history. Below the PRZ, at Ds >2.3 km, cooling ages decrease from 13 – 10.9 Ma. Linear 
regression of these data show rapid footwall exhumation at a rate of ~0.2 km/m.y. beginning at 
~13 Ma (Fig. 3.9); this scenario is further supported by thermal modeling (Fig. A4.2). The 
youngest recorded cooling age of sample MEPF6 is 10.9 ± 0.9 Ma from Ds = 2843 m. At least 
~2.1 km of post-11 Ma exhumation is indicated by this sample assuming the aforementioned 
geotherm. The sample with the greatest paleodepth (sample MEPF7, Ds = 2930 m) has an 
anomalously high cooling age (27.9 ± 14.4 Ma). Explanations for this unexpected cooling age 
are that the sample may contain U-bearing inclusions that were not identified during sample 
preparation, or it may have come from a sliver of hanging wall caught in the frontal fault zone. 
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Southern transect (ST; C-C’) 
The southern Pine Forest Range transect contains five samples with AHe ages ranging 
from 58.4 – 12.1 Ma that young towards the range-bounding fault (C-C’, Figs. 3.5, 3.6). This 
transect is 7 km in along-strike distance from the central Transect (Fig. 3.5) and samples span 
269 – 1088 m depth below the Tertiary unconformity or 1269 – 2088 m in total paleodepth 
assuming ~1 km of volcanic cover (Fig. 3.6, Table 3.1). In this part of the Pine Forest Range, the 
sampled pluton does not reach the range-bounding fault (Fig. 3.5A), thus limiting the exposed 
paleodepths accessible for sampling. As a result, no PRZ is evident in the age-paleodepth 
relationship (Fig. 3.9). The youngest recorded cooling age is 12.1 ± 2.0 Ma from sample MEPF8, 
1088 m below the Tertiary unconformity. This transect shows at least ~2.7 km of exhumation 
since 12 Ma (2.1 km from total paleodepth [Ds] of MEPF8, +0.6 km based on the modern relief 
of sample MEPF8; see Fig. 3.6C), suggesting an exhumation rate of 0.2 km/m.y. Due to the lack 
of samples from deeper paleodepths I cannot be certain that this youngest sample indicates the 
onset of rapid exhumation due to fault slip. However the data suggest a minimum exhumation 
rate of 2.3 km/m.y. beginning at 12 Ma, and thermal modeling further indicates that rapid 
exhumation began at around this time (Fig. A4.2). 
Northern transect (NT; A-A’) 
The northern Pine Forest Range transect contains 12 samples with AHe ages ranging 
from 49.4 – 5.8 Ma that also young towards the range-bounding fault (A-A’, Figs. 3.5, 3.6; 
Colgan et al. 2006b). The samples span 520 – 3780 m depth below the Tertiary unconformity 
and 1620 – 4880 m in total paleodepth (Ds; Fig. 3.6). A PRZ is evident in the age-paleodepth 
relationship at Ds = ~2.3 km (Fig. 3.9). Samples JCPF11-14 have cooling ages of ~50-13 Ma, 
indicating they were exhumed prior to re-burial beneath ~1 km of volcanic rocks between 30-16 
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Ma (see Colgan et al., 2006b, for further discussion). Below the PRZ at Ds >~2.3 km, cooling 
ages decrease from 10 – 3 Ma. Linear regression of these data show rapid cooling via footwall 
exhumation beginning at ~11.5 Ma at a rate of ~2.1 km in ~5 m.y., or ~0.4 km/m.y.; this scenario 
is further supported by thermal modeling (Fig. 3.10, A4.2). The youngest recorded cooling age is 
5.8 ± 0.2 Ma from sample JCPF2, Ds = 4880 m. Assuming a closure temperature of 65°C, a 
surface temperature of 10°C, and a stable geothermal gradient of 27°C/km, about 2 km of post-6 
Ma exhumation is indicated by this sample (after Colgan et al., 2006b). 
Existing AFT ages for this transect range from 83.1 – 9.3 Ma that also young towards the 
range-bounding fault (Fig. 3.9; Table 3.1; Colgan et al., 2006a,b). Samples JCPF6 and JCPF7 are 
particularly important because they bracket the AFT-equivalent inflection point, and thus the 
onset of rapid cooling. Sample JCPF7 is from Ds = 3840 m and has AFT cooling age of 14.0 ± 
1.2 Ma, with shorter track-lengths (mean = 13.1 µm) and a broad length distribution (Fig. 
3.10B). Sample JCPF6 is from Ds = 4060 m and has AFT cooling age of 12.0 ± 1.0 Ma, with 
long track lengths (mean = 13.8 µm) and a tight track-length distribution (Fig. 3.10C). Sample 
JCPF7 is interpreted to represent the deepest sample from within the PAZ, and JCPF6 the 
shallowest sample from below the PAZ (completely reset). 
Isolated range-front samples 
There are also three isolated samples collected from the central-to-northern Pine Forest 
Range region that record the youngest AHe ages, ranging from 5.2 – 3.3 Ma (Figs. 3.5, 3.8, 
Table 3.1; Colgan et al., 2006a,b). These samples span total pre-extensional paleodepths (Ds) of 
4910 – 5370 m, the deepest sampled. The youngest sample, JCPF48, is located ~3 km south of 
the northern transect (Fig. 3.5). It records a cooling age of 3.3 ± 0.1 Ma from Ds = 5370 m, 
indicating ~2 km of post-3 Ma exhumation (after Colgan et al., 2006b). These young cooling 
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ages document the most recent exhumation, providing evidence for continued slip on the range-
bounding fault. 
DISCUSSION 
Quantifying northwestern Basin and Range fault growth 
When investigating fault-driven uplift, it is most common to collect samples along a 
single sample elevation profile for thermochronologic analysis as I have done in the Jackson 
Mountains (e.g. Stockli et al., 2003; Colgan et al., 2006b; Fosdick and Colgan, 2008). Although 
my data fail to capture the position of the PRZ (Fig. 3.8), they do tell us that exhumation was 
ongoing since ~12 Ma (the cooling age of the oldest sample, MEJM23, Table 3.1) and that 
faulting continued at a rate of ~0.3 km/m.y. In general, if a sample transect spans a wide range of 
paleodepths and contains samples that span both within and below the PRZ (e.g. those that 
exclusively record fault-driven exhumation), this two-dimensional approach can tell us 1) when 
rapid exhumation began and 2) the rate and duration of the exhumation. Because the primary 
mechanism for exhumation in this setting is normal faulting, I can assume that the exhumational 
signal here is equivalent to the tectonic signal, thus recording fault slip (e.g. Ring et al., 1999). 
Therefore, while these data are useful for addressing basic tectonic questions about the regional 
onset and rate of faulting, it is too “two-dimensional” to address models of fault growth that 
predict characteristic tip elongation behavior and hence requires data that span a substantial 
amount of the fault length in the along strike direction. The remainder of my discussion focuses 
on the Pine Forest Range results, where three separate transects inform my interpretation of the 
both the across and along-strike dimensions of fault growth. 
In the idealized case the best-fit age-paleodepth relationships from the Pine Forest Range 
correctly determine fault onset age at each transect. In this scenario, my results show a difference 
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of 1-1.8 m.y. in onset of slip along the range-front fault (Fig. 3.9B). In detail, faulting began in 
the central Pine Forest Range at ~13.4 Ma, then at ~11.6 Ma in the northern Pine Forest Range 9 
km farther north. I can then further speculate that the oldest recorded cooling age (12.1 Ma) in 
the southern portion likely identifies the onset of rapid exhumation as supported by thermal 
modeling (Fig. A4.2). These best-fit results indicate a unidirectional lateral fault propagation rate 
of ~6 km/m.y. In other words, if slip initiated at the fault center, it propagated both north and 
south at 6 km/m.y., or it lengthened 12 km/m.y. total. Additional young, isolated AHe cooling 
ages along the range front are evidence that exhumation continued until recently (~5-3 Ma; 
samples JCPF1, JCPF47, JCPF48; Table 3.1). This collective exhumation pattern leads us to 
conclude that the fault reached its current length within ~3-4 m.y. of onset by ~9-8 Ma and that 
all further slip occurred by displacement accumulation with negligible lengthening. 
In reality, given the data resolution, the Pine Forest Range thermochronology results only 
truly show that faulting began everywhere along strike between ~16.3 and 11.6 Ma (Fig. 3.9B). 
Determining fault initiation from a cooling age-elevation dataset is inherently uncertain because 
locating the inflection point age is limited by the age uncertainties (Fig. 3.9). AHe age analytical 
precision is typically ~2%, yet expands to ~6-10% when the alpha ejection estimate is applied 
(Ehlers and Farley, 2003). Full age uncertainties for my data are ~10% of the age; ~±1 m.y. for 
the reset samples and ~±4 m.y. for the PRZ ones (Table A4.2). For robust interpretation of these 
data to evaluate fault growth, I must use objective approaches to narrow the range of resolvable 
thermal histories within this inherent framework of cooling age uncertainties. 
Narrowing the onset of rapid cooling 
I attempted to narrow down the onset of rapid cooling with inverse modeling and 
multiple approaches that involve linear regression (Fig. 3.10). First, I performed inverse 
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modeling of the two samples that bracket the inflection point (JCPF6, JCPF7, Table 3.1, Fig. 3.9) 
using the existing paired AHe-AFT cooling ages as model constraints (black boxes, Fig. 3.10A). 
These results show that rapid cooling initiated between ~14 and 11 Ma in the northern transect 
(Fig. 3.10A; A4.2). Second, I computed separate linear regressions and 95% confidence 
envelopes for 1) samples from below the PRZ/PAZ and 2) samples within and above the 
PRZ/PAZ in each transect. Because the Pine Forest southern transect and Jackson Mountains 
transect lack samples from both above and below the PRZ/PAZ they are excluded from this 
discussion. I interpret the overlap between the two separate linear models as the range of possible 
onset ages for rapid exhumation (gray envelopes, Fig. 3.10B). Third, I applied a second 
regression method that uses piecewise regression (Muggeo, 2015). Piecewise regression 
considers the entire transect data as a series and computes the statistical breakpoint within 95% 
confidence. For data from a single thermochronometer transect (e.g. AHe only), piecewise 
regression provides a 2-4 fold tighter age uncertainty than the overlapping regression approach 
(Fig. 3.10B). For example, in the Pine Forest central transect, rapid cooling began 13.4 ± 1.8 Ma 
via piecewise regression compared to 13.1 +4.3/-3.6 Ma via overlapping regressions (gray 
diamonds, Fig. 3.10B). This represents a 200% improvement in the age range. For a transect with 
multiple thermochronometers, uncertainty is minimized where the two piecewise regressions 
overlap when applied to each system (Fig. 3.10B). For example, in the Pine Forest Range 
northern transect, rapid cooling began 12.8 – 11.6 Ma (Fig. 3.10B), an order of magnitude tighter 
age range than if only one thermochronometer were considered (1.2 Ma vs. 12.2 Ma). Despite 
these attempts to restrict the age range, when all approaches are considered (thermal modeling 
and regressions), the collective results conservatively show that rapid cooling commenced 
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everywhere along strike within error, sometime after 14 Ma (maximum from the thermal 
modeling) and before 11.6 Ma (minimum from piecewise regression). 
Pine Forest Range growth via constant fault-length model 
My Pine Forest results are consistent with the constant fault-length model for fault 
growth. The Pine Forest range front began to exhume at all transect locations within 14-11.6 Ma, 
bringing the range-front fault to its modern length by ~10 – 9 Ma. In fact, despite even selecting 
the best-fit results and neglecting error as I initially did above, the constant fault-length model 
best describes the data. These results are consistent with studies that show faults reach their final 
length within 1-3 m.y., or at least document slowed lateral propagation compared to 
displacement (Meyer et al., 2002; Morewood and Roberts, 2002; Walsh et al., 2002; Gawthorpe 
et al., 2003; Amos et al., 2010). In these cases, it appears that fault length increases rapidly and 
then tip propagation slows or ceases over geologic time scales (>~10
6
 m.y.). In some instances, 
rapid initial fault lengthening can be attributed to reactivation and exploitation of pre-existing 
fault planes (Walsh et al., 2002). In others, the cessation of fault lengthening can occur due to 
interaction with another fault and/or some other type of geologic barrier that retards propagation 
(Nicol et al., 1996; Manighetti et al., 2001; Mouslopoulou et al., 2009). Furthermore, as faults 
penetrate deeper crustal depths they encounter increased confining pressure, resulting in 
mechanical conditions favorable to higher D-L ratios (Gudmundsson, 2004). I speculate that 
these are likely possibilities in the Basin and Range province because the region possesses 
numerous interacting extensional faults, the largest of which cut the entire seismogenic crust and 
might also overprint pre-existing contractional or volcanic structures that remain buried and out 
of view beneath the Cenozoic basin deposits (e.g. Stein et al., 1988; Wernicke, 1992). 
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The Basin and Range has numerous extensional faults that range from 10s of meters to 
10s of kilometers in length. Many of the km-scale faults are arrays that may have initiated as 
isolated segments that have coalesced into cohesive arrays (e.g. Cowie et al., 2000). Here, I 
explore this possibility for the Pine Forest range-front fault using an approach that combines 
fault D-L scaling and thermochronology data to envision how both perspectives might be 
brought together to quantify fault growth (Fig. 3.11). I assume that (1) each sample transect 
represents a fault segment, but acknowledge that many segmentation possibilities exist, (2) each 
segment length scales linearly with the exhumation magnitude (used as a proxy for minimum 
displacement) by a factor of 0.1 to 0.05 as predicted by the D-L scaling data (Fig. 3.1) (Cowie 
and Scholz, 1992c, b; Dawers et al., 1993; Schlische et al., 1996), and (3) because of point 2, the 
faults obey the tip propagation model for fault growth. The thermochronologic data show that the 
central fault segment began slipping first, then the southern segment, both with an exhumation 
rate of ~2 km/m.y. (Fig. 3.9; 11A,B). The northern segment began slipping last but at a faster 
rate of ~4 km/m.y. (Fig. 3.9; 11B). Maximum fault segment length estimates (calculated using c 
= 0.1; Fig. 3.1A) suggest that they were already overlapping by 10 Ma (Fig. 3.11C). In contrast, 
the lower segment length estimates (calculated using c = 0.05) suggest that they were 
overlapping by 8.5 Ma and the total fault length was ~30 km (this approaches the modern length; 
Fig. 3.11D). I conclude that, if the fault was originally segmented, individual segments could 
have been interacting and hence likely hard-linked prior to 8.5 Ma. This thought experiment (a) 
emphasizes that D-L scaling and cooling age data can complement each other and (b) shows that 
the range-front fault has been at or near its modern fault length for a majority (>65%) of its 
existence. 
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My data suggest that fault-driven exhumation is reduced in the central and southern Pine 
Forest Range compared to the northern region (Figs. 3.6, 3.8). Results from the northern transect 
show rapid exhumation starting at 12.8-12.0 Ma at a rate of ~0.4 km/m.y, ultimately exhuming 
almost 5 km to the surface (Figs. 3.6, 3.8; Colgan et al., 2006b). In contrast, the central transect 
began rapid cooling at 13.4 ± 1.8 Ma at a rate of ~0.2 km/m.y., ultimately exhuming ~3 km; the 
southern transect began rapid cooling at 12.1 ± 2.0 Ma at a rate of ~0.1 km/m.y., ultimately 
exhuming ~1.5 km. The northern part of the range is an intact footwall block that is tilted with no 
major faults aside from the range-front fault (Fig. 3.5A). To the south, the footwall is broken by 
the Alder Creek and Leonard Creek normal faults that have varying degrees of offset (Figs. 3.5A, 
3.6). I infer that the greater degree of exhumation in the north is because all of the extension is 
being taken up on a single fault, rather than partitioned across several faults as it is in the central 
and southern portions of the range. However, I exmphasize that this partitioning does not affect 
my primary interpretation, that the fault reached its modern fault length quite rapidly. 
Implications for 3D fault growth 
My observations appear to oppose the conventional tip propagation fault-growth model 
that promotes simultaneous displacement accumulation and lengthening (Fig. 3.2A). This model 
is based primarily on D-L datasets that span over seven orders of magnitude (Schlische et al., 
1996 and references therein). If faults do not grow in this manner, why does the scaling 
relationship seem to hold over so many orders of magnitude? Many researchers have pointed out 
that combining datasets to interpret fault scaling is problematic (Scholz and Cowie, 1990; Cowie 
and Scholz, 1992a; Wojtal, 1994; Clark and Cox, 1996; Kim and Sanderson, 2005), and that 
there is poor correlation between D and L within individual datasets (Schlische et al., 1996 and 
references therein). These issues stem from the difficulty in measuring D and L consistently 
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across length scales using different methods that each possess unique biases. Assuming the 
established scaling relationship is valid, it has been proposed that it more properly represents 
mature fault geometry rather than the actual growth process, and that depending on the 
earthquake recurrence interval, fault dimensions could reach the mature scaling ratio in ≤ ~30% 
of its life (between 2 kyr and 2 Myr; Walsh et al., 2002). I assert that my interpretation of fault 
growth does not contradict the observed fault dimension scaling, but that the manner in which 
those dimensions are achieved is more accurately described by the constant fault-length model. 
 My work has two main implications for the 3D growth of the Pine Forest Range fault and 
possibly other crustal-scale extensional faults in similar settings. First, my data show that range-
front fault slip has not involved steady and continuous radial propagation (e.g. Fig. 3.1B). For 
simplicity, fault growth tends to be modeled in a 2D plane of observation (i.e. the Earth’s 
surface) and the propagation direction is assumed to be in plane (e.g. Cowie et al., 2000). In 
these models, fault propagation is radial, occurring continuously towards the tip lines that results 
in a displacement profile with a central maximum and propagation only observable on the 2D 
plane of observation (Fig. 3.1B). Considering 3D fault growth requires acknowledgement that A) 
the 2D plane of observation may not be a perfect cross section through the fault and B) 
propagation likely occurs out of the plane of observation (Walsh et al., 2003; Kim and 
Sanderson, 2005). Recognition of this type of 3D fault growth serves to explain how the Pine 
Forest Range could continue to accumulate displacement without observable fault trace 
lengthening. Second, the range-front fault trace length was established prior to 8 Ma despite 
possible influence of fault segmentation affecting displacement accumulation. Theoretical 
models supported by field observations indicate that kinematically interrelated fault 
segmentation is a common feature of faults across scales (Cowie, 1998; Walsh et al., 2003; 
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Soliva et al., 2008). The positions of the Pine Forest range-front fault and nearby Leonard Creek 
and Adler Creek Faults suggests some interaction is responsible for the higher exhumation 
magnitude in the north, as slip was increasingly partitioned across three sub-parallel faults 
towards the south (Fig. 3.5A). The degree to which the range-front fault was segmented early on 
is beyond the scope of this study, but it is my interpretation that if it was initially segmented, the 
individual segments amalgamated to its near modern geometry prior to ~8 Ma (Fig. 3.11). 
Influence of rock mechanical properties on D-L scaling 
Fault displacement and length depend, in part, on the mechanical properties of the rocks 
that they cut. Surrounding rock properties such as Young’s modulus (E), shear strength (σo) and 
modulus (µ), and Poisson’s ratio (ν) describe the ability of rock to deform and determine the  
fault plane dimensions (Walsh and Watterson, 1988; Cowie and Scholz, 1992c; Gross et al., 
1997; Gudmundsson, 2004). Poisson’s ratio varies only slightly in upper crustal rocks (~0.2 - 
0.3; Bell, 2000). In contrast, shear strength, shear modulus, and Young’s modulus vary widely in 
the upper crust (σo = 100 - >1000 MPa; µ = 3-15 GPa; E = <1 - >100 GPa, respectively) (Cowie 
and Scholz, 1992c; Gudmundsson, 2004 and references therein). The precise influence of 
different mechanical properties on the D-L scaling ratio are debated, but overall weak 
mechanical properties (low E and µ, small differences in σo) result in higher D-L ratios (Walsh 
and Watterson, 1988; Cowie and Scholz, 1992c; Gross et al., 1997; Gudmundsson, 2004). For 
example, the D-L ratio is higher for faults cutting rocks with lower Young’s and shear moduli, 
such as mudstone or volcanic tuff (E and µ ≤1 GPa), and lower for faults cutting rocks with 
higher Young’s and shear moduli, such as igneous or high-grade metamorphic rocks (E and µ = 
10 – 100 GPa; Gross et al., 1997; Gudmundsson, 2004). Several factors influence the mechanical 
properties of rock (temperature, mean stress, porosity, water content, and fracture intensity). For 
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large faults that cut the entire seismogenic crust, the effective mechanical properties will be an 
average of all the materials the fault penetrates. Generally, factors resulting in higher D-L ratios 
increase with depth, largely due to increased confining pressure, which provides a mechanical 
explanation for the high D-L ratio I document here for the later phases of fault slip. 
Implications for fault-driven topographic growth 
Several studies have exploited idealized fault growth models as the tectonic boundary 
condition to assess the response of topography to fault slip at the range scale (e.g. Densmore et 
al., 2004; Densmore et al., 2007b; Barnes et al., 2011; Whittaker, 2012). For example, if faults 
grow in a continuous and radial manner according to the conventional fault-growth model (Fig. 
3.2A), then a space-for-time substitution can be implemented to examine the topographic 
response to fault slip (Harbor, 1997). In other words, moving from fault center to tip represents 
decreasing time for topographic growth. My results suggest that lateral fault growth is not a 
continuous process and that care must be taken when making that assumption; the space-for-time 
substitution may only be valid at the earlier stages of deformation (e.g. initial ~3-4 m.y. for the 
Pine Forest Range). At the catchment scale, channel knickpoint migration velocities in 
tectonically active environments can be related to uplift rate (Niemann et al., 2001; Attal et al., 
2008; Whittaker, 2012) such that knickpoint elevations should mimic a displacement profile 
consistent with the tip-propagation models (Fig. 3.2A; Whittaker, 2012). In the Pine Forest 
Range, where the data show that fault lengthening mostly ceased by ~8 Ma, knickpoint height is 
rather uniform across the range (Ellis et al., 2015); this mimics, instead, a displacement profile 
more consistent with the constant fault-length model (Fig. 3.2C). In conclusion, observed spatial 
patterns of Pine Forest Range knickpoints further supports the thermochronologic evidence that 
the faulting history best aligns with the constant fault-length model. 
123 
 
Guidance for future research 
 Quantifying fault-slip histories is subject to many limitations. Fault movement is often 
inferred from uplifted footwall terraces (Jackson and McKenzie, 1983; Morewood and Roberts, 
1999) or from syn-sedimentary fill on the hanging walls (Morley, 1999; Contreras et al., 2000). 
However, accurate measures of fault throw are only truly possible when sedimentation rates 
exceed fault displacement rates, thus preserving the fault displacement history. As I have shown 
here, even displacement or tip propagation rate estimates are limited by the accuracy of age 
determinations. This study is the first, to my knowledge, to explore the fidelity to which AHe 
data can be used to calculate a lateral fault propagation rate and hence test conceptual models for 
normal fault growth. I contend that low-temperature thermochronology remains an under-utilized 
tool for addressing the 3-dimensional aspects of fault evolution. As general rules of thumb, I 
recommend that the apatite (U-Th)/He system will be particularly useful in areas where the 
following criteria are met: (A) widespread plutonism that provides high-quality grains necessary 
for analysis, (B) sufficient exhumation exposes a suite of paleodepths that span from within to 
below the PRZ (~2-5 km depth in most settings), (C) intact pre-faulting stratigraphy or an 
equivalent datum exists to estimate paleodepth and footwall tilting, and (D) the fault is long 
enough (>~30 km) to allow adequate distance between transects. I recommend that at least three 
sample transects containing ≥4 samples are collected (a) perpendicular to the fault trace and (b) 
at sufficient along-strike distances to avoid overlapping age uncertainties. This separation 
distance should be based on cooling age uncertainties that will vary with the specific 
thermochronometer system used (e.g. AHe or AFT) and crystallography (i.e. grain size, 
morphology, purity). For example, cooling age uncertainties for AHe are ~6-10% and for AFT 
are ~15-20% (Ehlers and Farley, 2003). Apatite 
4
He/
3
He thermochronometry provides even 
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lower-temperature sensitivity and hence may also be an approach worth considering (Colgan et 
al., 2008; Schildgen et al., 2010). In general, the age range of rapid cooling is minimized (via an 
order of magnitude decrease in uncertainty) when multiple thermochronometers are utilized; 
there remains great potential in combining these systems to further investigate the evolution of 
upper crustal deformation. 
CONCLUSIONS 
 Growth of the Pine Forest Range frontal fault in the Nevada Basin and Range is most 
consistent with the constant fault-length model for fault growth. Thermochronologic data show 
that within uncertainties, fault-driven rapid cooling commenced concomitantly at all sample 
locations along strike between 14 and 11.6 Ma. The range-front fault began to slip at ~14 Ma, 
reached its modern fault length within ~3 – 4 m.y. (~10 – 9 Ma), and has continued to slip with 
negligible lengthening since ~8 Ma. I speculate that cessation of lengthening may be due to 
interaction with nearby fault segments, confrontation of an unknown barrier, or simply 
exploitation of preexisting structures. Variation in crustal mechanical properties may also 
influence the D-L scaling. Results from a single transect in the adjacent Jackson Mountains show 
that rapid exhumation was ongoing by ~12 Ma at a rate of ~0.3 km/m.y. and illustrates the 
shortcomings of a 2-dimensional dataset that also fails to capture the base of the PRZ. Overall, 
my results suggest that modern Basin and Range physiography was established by the mid-to-
late Miocene and imply that the connection between fault-driven landscapes and their tectonic 
boundary conditions may be more limited than previously thought. The most information on the 
spatiotemporal patterns of fault-driven exhumation come from combining (a) multiple 
thermochronometer analyses on each sample (b) several elevation transects that span a 
significant along strike distance, and (c) robust interpretation techniques such as thermal 
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modeling and piecewise regression analysis. I hope that this study begins to outline a framework 
for using low-temperature thermochronology to address increasingly complex questions about 
how faults grow, and also that it will inspire future research efforts.  
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Figure 3.1 Basis for existing fault growth models 
 
Basis for existing fault growth models. A) Normal fault displacement (D) versus length (L). The 
average position of earthquake data for all fault types is the thick dashed line (Wells and 
Coppersmith, 1994). This empirical relationship is described by the equation D = cL
n
, where c is 
~10
-1
-10
-3
, and n is between 1 and 1.5. B) Idealized elliptical fault surface radially propagating 
towards the tip line. Dashed lines represent increasing D and L of the fault plane through time. 
The measured dimensions (D, L) will vary with the fault trace at the plane of inspection (Earth’s 
surface). Modified from Walsh et al. (2003) and Kim & Sanderson (2005). 
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Figure 3.2 Schematic fault growth and thermochronology 
 
Schematic diagrams of fault growth models and associated onset of rapid exhumation 
relationships recorded by thermochronology age patterns from across-strike age-elevation 
profiles. Tip propagation (A), Segment linkage (B), and Constant fault length (C) (models from 
Nicol et al., 2005). Gray bars represent thermochronology sample transects (1-3) with relative 
age relationships between each transect as dictated by the fault model described directly below. 
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Figure 3.3 Schematic of footwall exhumation and thermochronology 
 
Schematic model of footwall exhumation before (A) and after (B) extension on normal faults 
with an apatite (U-Th)/He (AHe) sample transect (circles). Circle shading represents original 
paleodepths. Note how the AHe PRZ becomes exhumed due to fault displacement. (C) Idealized, 
corresponding cooling age vs. paleodepth plot. PRZ = Partial Retention Zone (here ~40-85°C) 
(after Farley, 2002). Figure simplified from Stockli (2005) and Miller et al. (1999). 
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Figure 3.4 Map of US Basin and Range province 
 
Map of the US Basin & Range province with related tectonic provinces and study area ranges 
highlighted in northwestern Nevada (compiled from Faulds et al., 2005; Henry et al., 2007; 
Colgan et al., 2006b.) Thin grey lines are state boundaries. 
 
  
130 
 
Figure 3.5 Generalized geologic maps and sample locations of study area 
 
Generalized geologic maps and sample locations of the study area ranges. (A) The Pine Forest 
Range compiled from Colgan et al. (2006a), Wyld et al. (1996), Smith (1973). NT = northern 
transect, CT = central transect, ST = southern transect. Cross sections in Figure 3.6. (B) The 
Jackson Mountains from Martin et al. (2010), Quinn et al. (1997), Maher (1989). Cross section in 
Figure 3.7. 
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Figure 3.6 Geologic cross section of the Pine Forest Range 
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Figure 3.7 Geologic cross section of the Jackson Mountains 
 
Geologic cross section for the Jackson Mountains, showing structural positions of samples (black 
circles) with their (U-Th)/He cooling ages in Ma (Table 3.1). The cross section is modified from 
Colgan et al. (2006b). Note that the inferred Tertiary unconformity is the top of the Cretaceous 
King Lear Formation and is considered a minimum estimate. See Figure 3.5B for location. SL = 
sea level. 
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Figure 3.8 Jackson Mountains AHe and AFT 
 
Jackson Mountains AHe and AFT cooling age vs. paleodepth plot for a sample transect (D-D’, 
locations in Fig. 3.5B). Ages are means of 1-5 individual grains (see Fig. A4.1; Table A4.1 for 
individual grain ages). 
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Figure 3.9 Pine Forest Range cooling age vs. paleodepth plot 
 
Pine Forest Range cooling age vs. paleodepth plot for the three sample transects (locations in 
Fig. 3.5A). AHe = apatite (U-Th)/He; AFT = apatite fission track; PRZ = Partial Retention Zone; 
PAZ = Partial Annealing Zone; Ds = Pre-extensional paleodepth. A) AFT cooling ages are 
shown for the northern transect, data from Colgan et al. (2006a; 2006b). AHe ages are means of 
2-5 individual grains (see Figure A4.1; Table A4.1 for individual grain ages). B) Zoom-in on 
AHe PRZ, AFT PAZ, and kink in age-elevation relationship estimating the onset time of rapid 
exhumation (proxy for fault initiation). 
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Figure 3.10 Constraining the onset of rapid exhumation 
 
Constraining the onset of rapid exhumation with inverse modeling (A) and regression analysis 
(B). A) Thermal modeling for two key Pine Forest Range AFT samples in the northern transect 
(NT). Samples JCPF7 and JCPF6 bracket the onset of rapid cooling with their AFT cooling age 
(Fig. 3.9). B) Inverse modeling results are the “good fits” (gray area) and weighted mean paths 
(thick gray lines) of all fits to the data for each sample. Tightest constraints on exhumation onset 
come from piecewise regressions (uncertainty ~2-8 m.y.) compared to overlapping 95% 
confidence envelopes (uncertainty ~8 – 17 m.y.). 
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Figure 3.11 Spatiotemporal growth of a segmented Pine Forest Range 
 
Spatiotemporal growth estimates for Pine Forest Range faulting estimated with combined fault 
scaling and thermochronology data. (A-D) Fault inception at 13 Ma until 8.5 Ma shown in 1.5 
m.y. increments. Fault segment length is calculated using known displacement (D) - length (L) 
scaling relationships D = 0.1*L (dotted line) and D = 0.05*L (solid line) as shown in Figure 3.1. 
Here, I substitute exhumation amount as a proxy for displacement. Gray dashed lines are the 
modern surface trace of the Pine Forest range-front fault after Figure 3.5A. 
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Table 3.1 Apatite thermochronology and estimated sample paleodepths 
 
  
T le 1: Apatite hermochronology data and estimated sample paleodepths
Sample n*
X 
(UTM**)
Y 
(UTM**)
He age 
(Ma ± 1σ)†
AFT age 
(Ma ± 1σ)†
Track length 
(µm ± 1σ)
Ds 
(m)††
Jackson Mountains (D-D')
JCJM2 2 373310 4580106 6.7 ± 0.2 11.7 ± 1.5 14.15 ± 0.15 4100
MEJM20 5 373474 4578799 9.0 ± 1.6 nd nd 3790
MEJM19 5 374066 4578948 8.5 ± 0.8 nd nd 3352
MEJM18 5 374627 4578705 9.3 ± 1.0 nd nd 3069
MEJM17 5 375388 4578558 10.8 ± 1.4 nd nd 2561
MEJM23 1 375505 4578270 12.7 ± 0.1 nd nd 2328
MEJM22 2 375517 4577986 11.6 ± 3.4 nd nd 2118
MEJM16 5 376073 4578628 9.4 ± 0.6 nd nd 1983
Pine Forest northern transect (A-A'); ages from Colgan et al. (2006b)
JCPF2 2 367432 4624359 5.8 ± 0.2 11.0 ± 1.0 13.31 ± 0.28 4880
JCPF3 2 367135 4624549 5.8 ± 0.2 9.3 ± 1.0 13.83 ± 0.37 4730
JCPF4 2 366860 4624647 6.7 ± 0. 10.8 ± 1.0 14.05 ± 0.51 4540
JCPF5 2 366514 4624715 7.0 ± 0.2 11.1 ± 1.0 14.03 ± 0.21 4340
JCPF6 2 366054 4624786 7.0 ± 0.2 12.0 ± 1.0 13.76 ± 0.38 4060
JCPF7 2 365665 4624978 7.6 ± 0.2 14.0 ± 1.2 13.08 ± 0.22 3840
JCPF8 2 365226 4624986 8.6 ± 0.25 24.7 ± 1.9 12.10 ± 0.31 3570
JCPF9 2 364553 4624814 10.0 ± 0.3 33.7 ± 1.8 12.57 ± 0.14 3110
JCPF10 2 363977 4624886 9.7 ± 0.3 33.1 ± 1.7 12.67 ± 0.11 2810
JCPF11 2 363307 4624899 12.4 ± 0.4 21.8 ± 1.1 14.67 ± 0.12 2420
JCPF12 2 362523 4624976 19.9 ± 0.6 39.2 ± 1.9 13.43 ± 0.10 2040
JCPF13 2 361737 4624929 49.4 ± 1.5 83.1 ± 2.8 13.61 ± 0.09 1620
Pine Forest range-front samples; ages from Colgan et al. (2006b)
JCPF1 2 367775 4625401 5.2 ± 0.15 8.8 ± 1.1 13.85 ± 0.45 4910
JCPF47 2 367807 4628393 4.6 ± 0.2 7.3 ± 1.0 nd 5210
JCPF48 2 368039 4620985 3.3 ± 0.1 7.0 ± 0.7 14.06 ± 0.14 5370
Pine Forest central transect (B-B')
MEPF2 5 365087 4616161 50.0 ± 5.7 nd nd 2154
MEPF3 4 365702 4616146 31.6 ± 5.5 nd nd 2328
MEPF4 5 365933 4615884 13.1 ± 3.7 nd nd 2418
MEPF5 4 366371 4615561 11.5 ± 0.3 nd nd 2751
MEPF6 5 367072 4615582 10.9 ± 0.9 nd nd 2843
MEPF7 2 367333 4615653 27.9 ± 14.4 nd nd 2930
Pine Forest southern transect (C-C')
MEPF8 4 365192 4608870 12.1 ± 2.0 nd nd 2088
MEPF27 2 364931 4608868 17.8 ± 3.0 nd nd 1980
MEPF26 4 364719 4608836 28.1 ± 3.8 nd nd 1921
MEPF25 3 363410 4609077 49.1 ± 21.0 nd nd 1466
MEPF24 4 362936 4608903 58.4 ± 6.7 nd nd 1269
*n = number of grains
**UTM zone 11N
†Reported ages are averaged for all crystals (n) in each sample
††DS denotes sample depth relative to the pre-faulting land surface, including Tertiary volcanic 
and sedimentary overburden. No data for Jackson Mountains.
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APPENDIX 1: ABSTRACTS 
 
CHAPTER 1: A GLOBAL PERSPECTIVE ON THE TOPOGRAPHIC 
RESPONSE TO FAULT GROWTH 
ABSTRACT 
Precise factors controlling the coevolution of deformation and topography in tectonically active 
landscapes remain poorly understood due to complex feedbacks between numerous possible 
variables. Here I examine the links between fault kinematics, emergent topography, and 
environmental factors on a global dataset of active fault-driven mountain ranges (n = 41). Using 
simple regressions between tectonic, climatic, and topographic variables I explore the controls on 
fault-driven landscape development at the range scale. For each fault in my Google Earth 
accessible database, I compiled (1) topographic metrics from a 30-m digital elevation model 
including along-strike changes in elevation and relief, fault length, and tip zone length (the 
along-strike distance from fault tip to where the associated relief stops increasing) and gradient, 
(2) long-term (10
4-6
 yrs) tectonic variables including fault slip rate, displacement rate, 
displacement, and age, (3) climatic variables including annual precipitation, and (4) rock type 
from geologic maps. My results show that all mountain ranges reach a uniform value of relief 
within some distance from their tips and the length scale of this relief growth correlates with 
long-term vertical displacement rate (R = 0.55) and slip rate (R = 0.51). I apply a well-
established framework for fault growth as the tectonic boundary condition to estimate the time 
required to achieve this uniform relief (~10
4-6
 yrs) and suggest that this threshold time indicates 
regional tectonomorphic equilibrium. Strong correlations between annual precipitation and 
deformation rates (R > 0.60), and between lithologic strength and mountain relief (R > 0.70) 
allude to other principal forces affecting emergent landscape form that are often ignored. My 
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findings demonstrate that fault-driven topography always saturates in relief, suggest there are 
quantifiable fault-kinematic controls on landscape form, and hint that landscape relief patterns 
may, in turn, be used to estimate rates of faulting. 
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CHAPTER 2: GEOMORPHIC EVIDENCE FOR ENHANCED PLIO-
QUATERNARY FAULTING IN THE NORTHWESTERN BASIN AND RANGE 
ABSTRACT 
Mountains in the U.S. Basin and Range Province are similar in form, yet have different histories 
of deformation and uplift. Unfortunately, chronicling fault slip with techniques like 
thermochronology and geodetics can still leave sizable, yet potentially important gaps at Plio-
Quaternary (~10
5-
10
6
 yr) timescales. Here, I combine existing geochronology with new 
geomorphic observations and approaches to investigate the Miocene-to-Quaternary slip history 
of active normal faults that are exhuming three footwall ranges in northwestern Nevada: the Pine 
Forest Range, the Jackson Mountains, and the Santa Rosa Range. I use the National Elevation 
Dataset (10 m) digital elevation model (DEM) to measure bedrock river profiles and hillslope 
gradients from these ranges. I observe a prominent suite of channel convexities (knickpoints) that 
segment the channels into upper reaches with low steepness (mean ksn = ~182; θref = 0.51) and 
lower, fault-proximal reaches with high steepness (mean ksn = ~361) with a concomitant increase 
in hillslope angles of ~6-9°. Geologic maps and field-based proxies for rock strength allow us to 
rule out static causes for the knickpoints and interpret them as transient features triggered by a 
drop in base level that created ~20% of the existing relief (~220 m of ~1050 m total). I then 
constrain the timing of base level change using paleo-channel profile reconstructions, catchment-
scale volumetric erosion fluxes, and a stream-power based knickpoint celerity (migration) model. 
Low-temperature thermochronology data show that faulting began at ~11-12 Ma, yet my results 
estimate knickpoint initiation began in the last 5 Ma and possibly as recently as 0.1 Ma with 
reasonable migration rates of 0.5-2 mm/yr. I interpret the collective results to be evidence for 
enhanced Plio-Quaternary fault slip that may be related to tectonic reorganization in the 
American west, although I cannot rule out climate as a contributing mechanism. I propose that 
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similar studies, which remain remarkably rare across the region, be used to further test how 
robust this Plio-Quaternary landscape signal may be throughout the Great Basin. 
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CHAPTER 3: TESTING FAULT GROWTH MODELS WITH LOW-
TEMPERATURE THERMOCHRONOLOGY IN THE NORTHWEST BASIN AND 
RANGE, U.S.A. 
ABSTRACT 
Common fault-growth models diverge in their predictions for how faults accumulate 
displacement and lengthen through time. Unfortunately, a paucity of field-based data 
documenting the lateral component of fault growth hinders our ability to test these models and 
hence fully understand how natural fault systems evolve in 3D. Here, I outline a framework for 
using apatite (U-Th)/He thermochronology (AHe) to quantify the along-strike growth of faults 
and then apply it to two active normal-fault systems. I combine 18 new AHe cooling ages with 
16 existing ages to investigate the fault slip and exhumation history of the normal-fault bounded 
Pine Forest Range and Jackson Mountains in the Nevada Basin and Range province. I compare 
the approaches of collecting a single sample transect versus multiple transects to (1) determine 
the spatiotemporal variability in footwall exhumation (proxy for fault slip), (2) evaluate the best-
fit model for fault growth, and (3) estimate lateral fault-propagation rates. Three age-elevation 
transects show rapid exhumation began at about the same time (between 14 – 11.6 Ma) along the 
majority of the Pine Forest range-front fault at rates of 0.2-0.4 km/m.y., ultimately exhuming ca. 
1.5 – 4 km. The small disparity in timing of fault-driven exhumation at different locations along 
strike may reveal a fault-tip propagation rate of ~12 km/m.y. in both directions (~6 km/m.y. in 
one), though these differences are within uncertainty of the data. These results suggest that the 
fault reached its current fault length within 2 – 4 m.y. and has continued to slip with negligible 
lengthening since ~10-8 Ma. Comparing these results to the single transect in the Jackson 
Mountains highlights the limitations of the more common 2-dimensional approach. In 
conclusion, my results indicate that a constant fault-length model most accurately describes 
Basin and Range fault behavior and suggests that the modern physiography was established by 
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the late Miocene (~8 Ma). I suggest that, given certain conditions, low-temperature 
thermochronology, perhaps combined with established fault displacement-length scaling, can be 
used to better constrain fault growth with broader implications for seismic hazard assessments 
and the coevolution of fault slip and topography. 
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APPENDIX 2: CHAPTER 1 DATA REPOSITORY 
Included with this dissertation is a Google Earth (.kmz) file that has every mountain 
range in the presented database along with all the tectonomorphic and climatic values reported in 
Tables 1.1 and 1.2. I additionally report other pertinent information that was reported in the 
original data source (e.g. other tectonic rates). 
  
155 
 
APPENDIX 3: CHAPTER 2 DATA REPOSITORY 
EXTENDED METHODOLOGY AND RAW DATA 
Channel profile analysis 
Longitudinal profiles were extracted from a filled 10 m resolution National Elevation 
Dataset Digital Elevation Model. I extracted the profiles of every channel that either reached the 
divide or had a drainage area >1 km
2
 (n = 57). I smoothed the profile data by resampling the raw 
elevation data at equal vertical intervals using the contour interval from the original data source 
(12.192 m [40 ft]; methods after Wobus et al., 2006). Table A3.1 reports the total drainage area 
for each catchment, the elevation at the stream head (the pour point), the elevation at the outlet 
(the range front), the normalized steepness index of the entire channel (θref = 0.51, ± 1σ), and the 
concavity of the entire channel (± 1σ). See main text for morphometric data on individual 
channel segments. 
Catchment volume calculations 
The volume of rock eroded from below the modern knickpoint elevation was calculated 
using the NED DEM (10 m resolution) and ArcGIS (v.10). First, I extracted the drainage area 
and created polygons above the knickpoint and at the range front. Then I used that input to clip 
the DEM to 1) the modern catchment boundary and 2) the portion of the catchment below the 
knickpoint (Fig. A3.1A). Using the polygon of the modern catchment boundary, I transformed 
the vertices to points and extracted elevation data to each point. I then interpolated those points 
with a spline interpolation to create a surface draped over the modern basin divide (Fig. A3.1B). 
The last surface created is a plane at the elevation of the modern knickpoint. I calculated the 
volume between the modern surface elevation and the sloping surface, then subtracted that result 
from the volume between the plane at the knickpoint elevation and the modern catchment 
topography to get an estimate for the eroded volume.  
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Figure A3.1 Eroded volume calculation example. A) Modern basin topography with polygons 
for above (yellow) and below (black) knickpoint (Catchment P20 in Pine Forest Range, Fig. 2.3). 
Knickpoint is white circle. B) Elevation points around drainage basin and interpolated surface. 
Knickpoint celerity model 
I employed a stream-power based knickpoint celerity model to estimate knickpoint 
velocities and locations. I modeled every catchment with an observed knickpoint (n = 39). The 
model began at the range front to determine if it is physically plausible that the observed 
knickpoints are migrating as a kinematic wave. Due to the dip of the fault plane, as the fault slips 
the range-front position of the channel mouth moves downstream; this exhumed portion is not 
included in the retreat rate calculation. I ran the model for a range of knickpoint initiation times 
(0.5, 1, 3, 5, 7, 9, and 11 Ma) to determine the best fit and the migration velocity. The derivation 
of wave speed is based on the detachment-limited stream power incision model, which is 
appropriate based on the geomorphology of my study area; however, transitions in the past to 
either transport-limited or sediment-flux dependent systems cannot be ruled out and may have 
affected the migration velocity. The equation used in the model has two unknown parameters. 
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Following others (Berlin and Anderson, 2007; Crosby and Whipple, 2006; Gallen et al., 2013), I 
used a brute-force search to determine the values of C and p that result in the lowest misfit. The 
C and p combination that resulted in the lowest sum of squared misfits for each model run time 
was assigned the best fit result for that time (Fig. A3.2). I varied C logarithmically from 10
-12
 - 
10
-4 
over 300 iterations. I varied p from 0.3 – 10.5 over 16 evenly spaced increments. The lowest 
misfits resulted for time runs 3 and 5 Ma (Fig. A3.2). The modeled and observed knickpoints for 
the Pine Forest Range and the Santa Rosa Range are plotted for 3 Ma in Fig. A3.3 (Jackson 
Mountains plot in Chapter 2 text). 
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Figure A3.2 Best fit results for all model runs. Only shown for p values 0.4-0.6 because other 
results have far higher LSS. (A) The least sum of squared misfits (LSS) for each modeled 
knickpoint initiation time. The results are plotted for p = 0.4 – 0.6 and the corresponding best-fit 
for C. (B) Best fit C-parameter for each time run. The higher the C value, the faster the 
knickpoint migrates. 
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Figure A3.3 Knickpoint celerity model results with a knickpoint initiation time of 3 Ma for Pine 
Forest Range (A) and Santa Rosa Range (B). Modeled knickpoints – black X’s; observed 
knickpoints – white circles. 
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Table A3.1 Data from all channels 
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Table A3.2 Hillslope angles from field measurements 
 
  
Range
x - UTM 
(zone 11)
y - UTM 
(zone 11)
South 
facing
North 
facing
West 
facing
East 
facing
Mean 
hillslope
Pine Forest 364491 46255674 27.2 22.9 25.1
Pine Forest 365994 4624849 28.1 33.4 30.8
Pine Forest 366745 4624719 32 34.7 33.4
Pine Forest 368088 4602970 25.3 27 27.4 26.6
Pine Forest 368350 4603244 30.1 27.7 28.9
Pine Forest 368489 4603370 23.8 21.3 22.6
Pine Forest 366871 4615561 34.8 31.4 33.1
Pine Forest 367070 4615585 35.1 36 35.6
Pine Forest* 363575 4609063 25.9 26.8 26.4
Pine Forest* 363414 4609210 17.5 26.8 20 21.4
Pine Forest 364492 4608938 28.2 33.7 31.0
Jackson Mtns 375373 4578551 27.1 29.9 28.5
Jackson Mtns 376073 4578628 39.2 35.6 37.4
Jackson Mtns 366440 4556117 29.8 34.9 32.4
Santa Rosa 436833 4601759 30 34.7 34.9 33.2
Santa Rosa 439609 4602347 32.1 33.9 33.0
Santa Rosa 439360 4602120 29.4 35 32.2
Santa Rosa 439026 4601845 28.3 28.3
Santa Rosa 438729 4601382 19.2 22.5 20.9
Santa Rosa 437342 4600735 24.6 25.3 25.0
* Denotes measurements upstream of knickpoints
Table A2.2           Hillslope angles from field measurements
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APPENDIX 4: CHAPTER 3 DATA REPOSITORY 
Here I include full analytical and thermal modeling results and for my apatite (U-Th)/He 
analyses. I include descriptions of my analytical methods and modeling parameters below. I 
provide cooling age-paleodepth plots showing results for every analyzed crystal (Fig. A4.1). I 
also include thermal modeling results of every sample and its geologic position (Fig. A4.2). Full 
analytical results from the apatite (U-Th)/He analyses are tabulated in Table A4.1. 
Apatite (U-Th)/He Analytical Methods 
I collected apatite separates at UNC using standard crushing (jaw crusher and disc mill), 
gravimetric (water table and heavy liquids [Bromoform]), and magnetic (hand-held neodymium 
magnet and Frantz magnetic separator) techniques. I examined individual grains at the 
University of Colorado at Boulder and UNC for mineral inclusions under a binocular microscope 
using circular-polarized transmitted light, and measured dimensions in at least two different 
orientations from photographed grains prior to packaging in platinum or niobium packets. 
Selection of individual crystals was based on A) size (> 60 μm in the shortest dimension), B) 
clarity (clear in color and free of visible inclusions) and C) crystal form (preference to doubly 
terminating grains, though not always possible). 
Apatite (U-Th)/He analyses were conducted at CU as follows: A diode laser heated 
grains for five minutes to extract the He gas. Extracted He was spiked with 
3
He, purified with 
SAES getters, and analyzed on a Pfeiffer Balzers QMS quadrupole mass spectrometer. All grains 
were heated a second time to ensure complete He extraction. All degassed apatites were then 
retrieved, spiked with a 
235
U-
230
Th-
145
Nd tracer, and dissolved in HNO3 at 80°C for two hours. 
238
U, 
232
Th, 
147
Sm and the tracer isotope analyses were acquired on a Thermo Element 2 ICP-MS 
at CU. I calculated the U and Th concentrations using the dimensional mass. Fragments of 
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Durango apatite were analyzed as a standard by the same procedures along with my samples. For 
the alpha-ejection correction I employed a hexagonal-prism geometry (Farley et al., 2002). I 
calculated analytical uncertainties for the individual analyses by propagating error from He, U, 
Th measurements, as well as estimating grain measurement uncertainties. 
Thermal Modeling Parameters 
Apatite (U-Th)/He 
I generated thermal models (time-temperature paths) using the HeFTy (v. 1.8.0) 
algorithm of Ketcham (2013). For each sample I used the mean age, size, and U, Th, and Sm 
concentrations of all crystals and ran the model on that value (as reported in Table 3.1). I omitted 
any crystal ages from the mean that had outlying results and ran them separately. I ran an open-
ended model with a starting temperature of 200°C at 100 Ma (approximate age of pluton 
emplacement) and a present temperature of 10 ± 3°C. 
The following model parameters were used in accordance with those originally published 
by Colgan et al. (2006b): Annealing model: “Flowers et al., 2009 (RDAAM)”; Model precision: 
“Good”; Radius: Average radius of all grains for each sample (Table A4.1); Stopping distances: 
“Ketcham et al., 2011”; Alpha calculation: “Ejection”; Measured age (uncorrected): Defined 
such that the corrected age is equivalent to the mean (U-Th)/He age for the sample (Table A4.1); 
Age to report “Corrected”; Age alpha correction: “Ketcham et al., 2011”; Composition: Average 
U, Th, and Sm of grains used to calculate the age of the sample (Table A4.1). Inverse-modeling 
parameters for the (U-Th)/He models were as follows: Search Method: Monte Carlo; 
Subsegment spacing: “Random”; Ending condition: “Paths tried = 50,000”; Merit values: Good 
fit = 0.5, acceptable fit = 0.05. All segments are “monotonic consistent.” Randomizer style is 
“Episodic.” Number of path subdivisions = 2. 
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Apatite Fission Track 
I generated thermal models using the HeFTy (v. 1.8.0) algorithm of Ketcham (2013) for 
samples JC-PF6 and JC-PF7. I modeled lengths with the annealing model of Ketcham et al. 
(2007). The inverse modeling parameters were as follows: Search Method: Monte Carlo; 
Subsegment spacing: “Random”; Ending condition: “Paths tried = 50,000”; Merit values: Good 
fit = 0.5, acceptable fit = 0.05. All segments are “monotonic consistent.” Randomizer style is 
“Episodic.” Number of path subdivisions = 3. 
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Figure A4.1 Cooling age vs. paleodepth plots of individual grains for (A) North transect (data 
from Colgan et al., 2006b), (B) Central transect, (C) Southern transect, and (D) Jackson 
Mountains D-D’. He age error bars are 2σ and are smaller than symbols unless shown. 
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Figure A4.2 Detail of the cross section, topography, paleodepths, and thermal modeling results 
for the Pine Forest Range northern (A), central (B), and southern (C) transect samples and 
Jackson Mountains transect samples (D; all locations in Fig. 3.5). Gray envelopes are good fits, 
green are acceptable fits, defined as 0.5 and 0.05 goodness of fit, respectively, between modeled 
and measured cooling ages. Cooling ages are in Ma and are sample means of 3-5 individual 
grains (see Table A4.1 for full analytical results). Thermal modeling for sample PF07 is not 
shown due to bad quality results (see text). 
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Table A4.1 (U-Th)/He analytical data. Analyzed at the University of Colorado, Boulder 
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Table A4.2 Average data values for analytical results
 
 
 
 
 
rs* 
(µm)
U
(ppm)
Th
(ppm)
Sm
(ppm)
eU**
Analytical 
uncertainty 
(%)
Full 
uncertainty 
(%)
All data 51.4 32.2 31.6 19.9 39.7 2 10
Pine Forest 48.8 20.7 22.1 14.3 63.9 2 11
Jackson Mtns 56.0 52.5 48.4 29.7 25.9 2 9
T le DR2: Average dat  values for an lytical results
*rs: The radius of a sphere with an equivalent surface area to volume ratio as the crystal
**eU: effective Uranium; equivalent to the amount of U + 0.235Th.
